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1.0 Introduction

In order to perform design point studies for future Spherical Torus (ST) devices, physics and engineering algorithms were programmed into an EXCEL spreadsheet, and the EXCEL Solver
 was used to arrive at design point optimums, given optimization criteria and constraints. This report describes the basis for the work, with an explanation of each of the major variables. The derivations are presented in roughly the same order as the calculation sequence.
The work is acknowledged to rely heavily on the physics algorithms
 developed by C. Kessel and S. Jardin along with numerous technical discussions with M. Peng and C. Kessel, and additional inputs from P. Rutherford.

2.0 Summary Physics Constraints

Limits on kappa, qcyl, alpha_n, alpha_T, beta_N, fBS etc. are guided by algorithms developed from MHD equilibrium studies by J. Menard
,C. Wong
, and Y. Lin-Liu
 as summarized in Table 1. 

Table 1: Summary of Physics Constraints

	Variable
	Menard
	Wong
	Lin-Liu
	Usage

	Max kappa(A)
	1.46155+4.13281

-2.578122+1.410163
	1.082+2.747/A
	
	Avg. Menard & Wong

	Min qcyl(A)
	-0.115479+14.5293
-27.44922 

+18.3343
	2.0499+0.34791*A
	
	Wong

	alpha_n(A) = alpha_T(A)
	(0.64-0.3)/2
	0.25
	
	Case-by-case

	Peakfactor 
	[∫(1-(x)2)alpha_T

(1-(x)2)alpha_ndx]-1

(x=r/a)
	[∫(1-(x)2)alpha_T

(1-(x)2)alpha_ndx]-1

(x=r/a)
	
	

	Max Beta_N(A)
	(6.96436-14.043

+45.52

-31.30863)/100
	(3.09+3.35/A+

3.87/A0.5)

*(/3)0.5/

peakfactor0.5
	(-0.7748+1.2869-0.29212+0.01973)

/(TANH((1.8524

+0.2319)/A0.6163))

A0.5523/10
	Lin-Liu

	kbs
	0.344+0.195*A
	0.6783+0.0446/A
	
	

	fbs
	kbs*Beta_P*

peakfactor0.25/A0.5
	kbs*Beta_P*

peakfactor0.25/A0.5
	
	


3.0 Detailed Methodology

This section is presented in the order of calculation sequence. Although the solver can find solutions where the number of unknowns exceeds the number of equations, the equations must be formulated in such a way as to avoid circular references. 

3.1 Plasma Shape Variables (R0, a A, 

Plasma cross sectional shape (95% flux surface, containing 95% of the plasma poloidal magnetic flux) is described by...
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 where (see Fig. 1) ...

R0  = major radius (m)

a = minor radius (m)

A = aspect ratio = R0 /a

= inverse aspect ratio = 1/A

= elongation

= Triangularity

= poloidal angle
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Fig. 1: Plasma Cross Sectional Shape

In determining the size of the vacuum vessel it is necessary to consider the entire plasma volume. Therefore we define A100 and a100 geometric quantities related to the 100% flux surfaces and use these to determine the vacuum vessel geometry. The relationship between the 95% and 100% quantities was derived based on a pair of equilibria generated by C. Kessel
 which bracket the aspect ratio range being considered in the subject study with typical values of triangularity and elongation. The following linear relationship was derived:
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where:

a = 0.017

b = 0.932

3.2 Elongation ) Aspect Ratio Dependance

According to the Menard study the maximum elongation as a function of inverse aspect ratio is…

max() = 1.46155 + 4.13281 *  -2.57812 * 2 + 1.41016 * 3

Similarly, according to Wong the maximum elongation as a function of aspect ratio is…

max() = 1.082+2.747/A

A comparison of these results is given in Fig. 2.
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Fig. 2: Max. Elongation vs. A

The work described herein typically used the average of the Wong and Menard formulations.

3.3 MHD Safety Factor

The MHD safety factor, number of toroidal rotations per poloidal rotation of a field line on the 95% flux surface, is expressed in two forms, namely qcyl and qMHD, which are defined as follows….
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where…

BT  = vacuum toroidal field at R0  (T)
Ip  = plasma current  (MA)

The calculations described herein rely primarily on qcyl and report qMHD as an output, for information only.

3.4 MHD Safety Factor Aspect Ratio Dependance

According to the Menard study the minimum safety factor as a function of aspect ratio is…

qcyl min(A) = 12.259-13.58*A+6.4286* A2-1.0417* A3
Note: Menard prescribed Tmax(), Nmax(), and max(). The writer extracted qcyl min(A)  according to …
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and
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According to Wong the minimum safety factor as a function of aspect ratio is…

qcyl min(A) = 1.21+1.3*A-0.25*A2
A comparison of these results is given in Fig. 3.
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Fig. 3: Safety Factor vs. A
The work described herein typically used the Wong formulation for qcyl_min.

3.5 Toroidal Field Inner Leg

The first wall thickness requirement Rfw is driven by compromises between ohmic power dissipation, nuclear heating, and neutron damage to the center post (and frequency of replacement). For the work reported herein the thickness was assumed 6cm for the CTF mission based on the Culham VNS study
, and 20cm for reactor missions based on the ARIES-ST study
, so the radial build of the TF inner leg in the midplane region is…
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The radius of the inner leg in the end regions was set to…
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The height of the narrow middle region of the inner leg above the midplane is assumed equal to 90% of the height of the plasma. 
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The total TF height is taken to be equal to the plasma height plus 4.0m, allowing for divertor, blanket, and shield…


[image: image13.wmf]
Glidcop AL-25 material, =87% IACS, was assumed for the inner leg, based upon its radiation resistance
.  The inner leg is modeled using 8 sections as depicted in Fig. 4, with water flowing in one end and out the other, heating up as the sections are traversed. 

A water inlet temperature of 35oC and flow velocity of 10m/s were assumed.  The fraction of cross section containing water is chosen by the optimizer. The number of water passages per unit area is assumed equal to 500/m2, similar to ARIES-ST, but less than prior VNS
 studies which were of order 2000/m2. Thus with the water cross sectional area and number of passages specified the wetted perimeter of the cooling passages is determined.

[image: image14.wmf]
Fig. 4: TF Inner Leg
In addition to ohmic dissipation, nuclear heating is added at a rate equal to the average neutron wall loading times the surface area. This is conservative because 1) much of the heating would be received and removed or radiated via the first wall armor, and 2) the Cu is partially transparent to the neutrons. The flaring is set to 60o with respect to horizontal, with the flaring starting at 90% of the plasma height. 

The thermal resistance due to the film effect and the mass flow are computed, using water properties which are computed as a function of temperature. Limits on copper and water temperature were typically set at 150oC.

Triaxial and combined (Von Mises) stresses in the inner leg
 are computed as follows…
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where:

r = radius within conductor


a = outer radius of conductor

 = Poission’s ratio = 0.34 


Bmax = B at  r=a, Bma = µ0ITF/2a
Vertical tension is assumed equal to zero, which is consistent with the use of sliding joints at the interface between the vertical center post and radial current paths to the return circuit. However the above result was multiplied by a factor of 2.0 to account for the cooling passages in the conductor. An appropriate limit for Glidcop at 150oC is 100MPa.

3.6 Toroidal Field Outer Leg Return

As depicted in figure 5 the TF current is assumed to be returned through the outer VV shell which is constructed of aluminum, consisting of horizontal lids and vertical cylindrical sections. This is similar in concept to the VNS and ARIES-ST designs. The thickness of the horizontal sections is constant at 1.0m, and the vertical sections at 0.75m. 

Dimensions of the outer leg return circuit are chosen based on the following radial builds beyond the outboard plasma edge….

SOL and gap

0.10m

First wall

0.05m

Blanket
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Shield 
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Fig. 5: TF Cross Section, showing Inner Leg, Outer Leg Return, 

and Space Allocation for First Wall /Blanket/Shield 

(R0=1.5m,A=1.5,=3.0,=0.4)

Dimensions are similar to those used for ARIES-ST, and are sufficient to handle 7.5MW/m2 neutron flux on the outboard midplane and to protect the organic insulating materials of the outer PF coils. For a CTF with lower power flux and lower fluence, a shield thickness of approximately 1m would be required
 to permit hands-on access. Future work should address this issue and determine the optimum shielding considering the actual CTF loading scenarios and access requirements related to the use of blanket test modules.

3.7 Determination of Toroidal Field, Current, Input Power

The optimizer adjusts the current density in the TF inner legs along with the fraction of cross-sectional area containing water (fW) to adjust BT according to…
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Total TF power consumption is equal to the sum of the dissipation in the inner and outer legs divided by the efficiency of the power supply system, assumed to be 90%...
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Further work is needed to establish the details of the ultra-high current TF power supply and confirm that reasonable efficiencies can be obtained.

3.8 Calculation of Plasma Current

With R0,a,, and qcyl determined the plasma current (in MA) is calculated according to...
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3.9 Poloidal Field Requirements

A switch in the spreadsheet is used to select copper PF coils or superconducing. If copper, their total current is assumed equal to the plasma current. Current density is assumed to be JPF = 5.0x106 amp/m2. Their inboard edge is assumed to be 0.4m beyond the outboard edge of the VV. Power supply efficiency is taken to be 95%. With these assumptions the power dissipation in the PF coils is computed. 
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If superconducting the PF input power is assumed equal to zero. Refrigeration power requirements are assumed lumped with balance of plant power.

3.10 Density and Temperature Profiles

Spatial distribution of temperature and density across the plasma cross section is assumed to be parabolic to a power according to…
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where…

r = variable in minor radius

a = minor radius of plasma = R0/A

T0,n0 = central peak temperature and density at r=0

T, N = shape exponents on temperature and density 

It is noted that for these functions the peak to average ratios are equal to…
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…and the line average to volume average ratios are equal to…
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According to Menard, appropriate values for the exponents, consistent with his analysis, are…
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According to the Wong assumption…
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3.11 Beta Limits and Aspect Ratio Dependence
According to Menard an appropriate limit on N is as follows…
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According to Wong the N limit depends on A, , and pressure peaking factor. The peaking factor is as follows…
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 EMBED Equation.3  [image: image33.wmf]
…where x=r/a

Then the N limit is as follows…
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According to Lin-Liu the N limit is as follows…
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It is noted that the above includes a dependency on elongation. A comparison of these results is given in Fig. 6, including the Lin-Liu equation using the kappa values from Menard and Wong.
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[image: image38.wmf]Fig. 6: Max. N vs. A

The work described herein relies primarily on the Lin-Liu formula. 

The optimizer arrives at a value for total pressure N-Total which must be ≤ Nmax. This total  includes the partial pressures due to thermal ions and electrons as well as energetic ions consisting of alpha particles and neutral beam injected ions. The total pressure resulting from the thermal ions and electrons is referred to simply as N. Therefore…
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With N and other variables previously determined, T can P can be calculated based on their definitions as follows… 
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Finally, the volume averaged pressure is…
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3.12 Bootstrap Current Fraction

Bootstrap current fraction fBS is dependant on P and aspect ratio as follows…
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…where X is a function containing terms related to shape and profile. In the work described herein we apply a curve fit function X = kBS(A)*Peakfactor0.25 which results in fBS = 0.9 for the Wong case and fBS = 0.99 for the Menard case since these were the applicable bootstrap fractions for the MHD stability analysis performed. Therefore fBS is calculated as follows…
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where for Menard…
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and for Wong…
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A comparison of these results is given in Fig. 7. 
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Fig. 7: Bootstrap Coefficient vs. A

3.13 NBI Energy

Beam power deposition calculations were performed by D. Mikkelsen
 for cases which bracket the size, aspect ratio and density of interest. Based on this information it was determined
 that the required beam energy to give parabolic-like deposition profiles with tangential injection at R0  can be approximated by...

Eb = 100 <ne-20> Lb
where the beam path length Lb is the beam distance to the plasma axis for Rtang = R0, namely...

Lb = [(R0 + a)2 – R02]1/2
3.13 Current Drive

The current drive efficiency parameter is defined as follows....
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where...

CDMAX = maximum efficiency in units 1020Ampere/Watt-m2
n20 = electron density in units 1020Ampere/Watt-m2

ICD = current to be driven in MA

PCD = current drive power in MW

Based on guidance from P Rutherford
, data for current drive efficiency from D. Start and J. Cordey
 was curve fit to the following...
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where:

Eb = neutral beam energy

Tavg = average electron temperature (simple average, not density weighted)

The current to be driven is Ip*(1-fBS), and the current drive power (MW) requirement is...
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…where ne is the electron density. Neutral beam injection (NBI) is assumed to provide the auxiliary heating power (Paux) and current drive power. The solver is constrained in such a way that CD≤ CDmax and PCD ≤  Paux. 

3.14 Density

Line average electron density is related to the fraction of Greenwald Limit fGW as follows…
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Electron density (volume average) is…
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Helium ash density (volume average) is calculated as follows: 

For power balance, total power into the plasma equals power out …
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where…

P = power in  particles

Paux = auxiliary heating power

Prad = radiated power


Pfusion = total fusion power

Q = fusion power gain 

frad = radiation fraction = Prad/P
W = stored energy


E = energy confinement time

For  particle balance, the rate of  production from fusion reactions must equal the rate of  particle loss…
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…where

W = energy per  particle, equal to 3.52MeV*1.6e-13Joule/MeV=5.63e-13Joule

*p=  particle confinement time after adjusting for recycling

The stored energy is related to the pressure as follows…


[image: image56.wmf]
Rearranging the prior three equations yields the following for helium ash density…
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The ratio *p/E is an input variable assumed equal to 5.0.

For impurities, Be is assumed the dominant species (Zimp=4) at a concentration fimp = 6%.

For charge neutrality, with Z=2 for He…
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The impurity density (volume average) is…
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The density (volume average) of H species (D and T) is then calculated as follows…
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The total particle density (volume average) is then…
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 EMBED Equation.3  [image: image62.wmf]
3.15 Separate Ion and Electron Power Balance

Global power balance equates the net total input power to the stored energy divided by the energy confinement time…
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A toggle is provided in the calculations which is used to select whether Ti=Te or not, in which case the ion and electron power balances are treated separately. For the case when they are treated separately, for the electrons…
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where the “_e” notation denotes electron quantities, and Pie is the power transfer from ions to electrons. Similarly for the ions…
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Note that the radiation term is included for the electrons only, and the Pie term is additive for the electrons and subtractive for the ions. Solution of the above relies on expressions supplied by P. Rutherford
 as described in the following sections for the partitioning of the alpha and auxiliary power to the ions and electrons, along with an expression for Pie.

3.15.1 Neutral Beam Heating of Ions and Electrons

Including collisions with both electrons and background ions, the slowing down of a beam ion with energy Eb is given by

dEb/dt  =  -  (Eb/se) [1 + (Ecrit/Eb)1.5]

where the first term in the square parenthesis is due to collisions with electrons, and the second term is due to collisions with ions, and se is the slowing down time of electrons.   For a deuterium beam injected into a 50/50 D-T plasma, the “critical” beam energy Ecrit (at which the two contributions are equal) is given by
…

Ecrit  =  16 Te
More generally, in a D-T mix with a tritium fraction fT, then the critical energy is…

Ecrit  =  29.5 Te/M2/3
Where M is the average atomic mass number = 3.0* fT +2.0*(1- fT) = fT +2.0. 

The auxiliary heating power density going into the electrons can be expressed in terms of an integral over beam energies, as follows:

Paux-e  =  (Paux/Einj) dEb / [1 + (Ecrit/Eb)1.5]

where the integral runs from Eb = 0 to Eb = Einj.  This integral can be evaluated in the two limiting cases Einj /Ecrit >> 1 and Einj /Ecrit << 1, but these two limiting expressions are not very good at intermediate values of the parameter Einj /Ecrit, which are characteristic of actual CTF cases.  We have evaluated the integral numerically for such cases, and we find that a good fit is given by the expression

Paux-e  =  Paux / [1 + 2.9 (Ecrit/Einj)1.2]

which is accurate to within 2% over the range Einj /Ecrit ≈ 0.5 – 5.0. Obviously it follows that…

Paux-i  =  Paux  -  Paux-e
To include profile effects, we assume that the beam energy deposition profile can be represented by a parabola raised to an adjustable power, i.e.,

Paux(r)  =  Paux(0) (1 – r2/a2)alpha_nbi
and we assume that the electron temperature profile is also a parabola raised to an adjustable power:

Te(r)  =  Te(0) (1 – r2/a2)alpha_T
The required integral over the radial profile cannot be done explicitly. However, a good approximation results from taking a fixed value for the term in square parenthesis in the denominator of our expression for Paux-e, but using in this fixed value an electron temperature in Ecrit that is characteristic of the region of beam deposition.  For example, if the beam deposition is strongly peaked at r = 0 (large value of alpha_nbi), then a temperature close to Te(0) should be used in Ecrit, whereas if the beam deposition is broader a lower value of Te should be used in Ecrit.  To retain this effect, we define a radius r0.5 within which half of the beam power is deposited.   We then define Ecrit as the value at this radius, i.e., Ecrit  = 29.5Te(r0.5) /M2/3.   Because both the Te and Pb profiles are parabolas raised to powers, the calculation is straightforward, and it results in the following expression for the spatially averaged electron heating power density...

Paux-e =  Paux / [1 + 2.9 (Ecrit/Einj)1.2]

with…

Ecrit  =  29.5 C Te-av/M2/3
where Te-av is the spatially averaged electron temperature (not density weighted) and C is a numerical constant given by...

C  =  (1 + alpha_T)/2p 

With...

p = alpha_T/(1 + alpha_nbi)

So the fraction of auxiliary heating power going to the electrons is…

fPaux-e=Paux-e/Paux / [1 + 2.9 (Ecrit/Einj)1.2]

and to the ions…

fPaux-i = 1- fPaux-e
3.15.2 Alpha Heating of Ions and Electrons

Although alpha particles will heat mainly electrons, the small direct contribution to ion heating may be significant if the ion energy confinement time is very long. The derivation is similar to that for the beam ions presented above, and the alpha heating power density to electrons is given by …

Pe  =  (P/E) dE / [1 + (Ecrit/E)1.5]

where EMeV, and the integration runs from E =0 to EEThe alpha heating power density to ions is then given by…

Pi   =   PPe 

For alpha slowing-down in a 50/50 D-T plasma, we have

Ecrit   =   32 Te 

More generally, in a D-T mix with a tritium fraction fT and M= fT +2.0 the critical energy is…

Ecrit  =  59 Te/M2/3
The above integral for Pe can be evaluated in the limit E>> Ecrit. We obtain…

Pe   =   PEcrit/E(Ecrit/E)1.5

To include profile effects, we use the same method employed above for beam heating.   Specifically, we evaluate Ecrit at the value of electron temperature corresponding to the “midpoint” of alpha deposition.   If the alpha heating goes like n2T2, then we can easily calculate the radius r0.5 within which half the alpha power is deposited.  We then use a “deposition-weighted average” value of Ecrit, defined by Ecrit = 59 Te(r0.5) /M2/3 . In this way, the spatially averaged quantities become…

Pe   =   PEcrit/E(Ecrit/E)1.5

where…

Ecrit  =  59 CTe-av /M2/3 

C  =   (1 + alpha-T)/2p   with    p = alpha_T/(1 + 2alpha_n + 2alpha_T)

E=  3.5 MeV

So the fraction of alpha power going to the electrons is…

fP-e=P-e/PEcrit/E(Ecrit/E)1.5
and to the ions…

fP-i = 1- fP-e
3.15.3 Ion-Electron Equilibrium

The power per unit volume transferred from ions to electrons by Coulomb collisions in a 50/50 D-T plasma is given by…

Pie   =   0.55 n202 (Ti10 – Te10)/Te101.5                (MW/m3)

More generally, in a D-T mix with tritium fraction fT and M= fT +2.0, the power transfer is…

Pie   =   (1.375/M) n202 (Ti10 – Te10)/Te101.5                (MW/m3)

where n20 is the (electron) density in units of 1020 m-3, and each T10 is a temperature (simple temperature, not density weighted) in units of 10 keV, i.e., T10 = T(keV)/10.

Assuming the usual parabolic-to-an-exponent profiles for density and both ion and electron temperatures, the spatial average of this quantity is given by…

Pie    =   (1.375/M)Cprof nav-202 (Tav-i10 – Tav-e10)/Tav-e101.5                (MW/m3)

with a “profile factor”…

Cprof  =  (1 + alpha_n)2 (1 + 2alpha_n – 0.5alpha_T)-1 (1 + alpha_T)-0.5.

=vol*1.375/M*(1+alpha_N)^2/(1+2*alpha_N-0.5*alpha_T)/(1+alpha_T)^0.5*(xne/100000000000000000000)^2*(T0i/(1+alpha_T)/10-T0e/(1+alpha_T)/10)/(T0e/(1+alpha_T)/10)^1.5
3.16 Temperature

With the volume average density determined the peak ion and electron temperatures can be backed-out from the pressure as follows…
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Note: 1.6 x 10-19 Joule/eV

3.16 Radiation

The effective ionic charge Zeff is…
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Power loss (MW), assumed to arise exclusively from Bremsstrahlung radiation is…
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3.17 Alpha Power

3.17.1 Thermal Ion Fusion

Alpha power due to “thermal” ions in a 50:50 D-T mix is calculated per the following integral…
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where…

a0 = -23.836
a* = -22.712
a1 = -0.09393
a2 = 7.994e-4
a3 = -3.144e-6

More generally, in a D-T mix with tritium fraction fT…
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3.17.2 Two-Component Beam-Target Fusion

The basic data on the energy-multiplication factor QTC for “two-component” reactions between injected deuterium ions and a pure-tritium background plasma is based on work by D. Jassby
 which gives data for temperatures up to 20 keV for cases with Ti = Te , as well as data for Te = 50 keV and Ti = 0, to which an approximate finite-Ti correction fit can be applied. Curve fits were generated to match Figure 18 from the Jassby paper for Ti = Te and to extend the curves from 400keV out to 1MeV. These are applied to the work reported herein despite the fact that the Ti = Te equality is not enforced. This is justified on the basis that the primary dependency is on Te alone. 

For Eb up to 400keV the equation form is based on that in the NRL Plasma Formulary, p. 44, which uses the Duane coefficients to compute fusion cross sections:
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This was modified as follows….
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The modification brings the form closer to that associated with the calculation of Qb as reported in the Jassby paper eq. 6.4, and was found to provide very tight fits with the Jassby figure. In order to cover the range of Te it was necessary to use another level of curve fitting for the coefficients A1 through A5 as a function of Te . The equation form used was:
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The coefficients were determined by least squares curve fitting to the set of points taken manually from the Jassby figures. The results are summarized below…

	A0
	0.0010

	A10
	51.713

	A11
	-0.191

	A20
	50202.423

	A21
	1.483

	A30
	0.009

	A31
	0.417

	A40
	-0.250

	A41
	1.164

	A50
	-1323.179

	A51
	0.144


In order to extend the results out to 1MeV it was assumed, based on discussions with D. Mikkelsen, that that Q should go roughly as Qb-E>400keV  = Qb-E=400keV*400/ Eb. Curve Fit results are shown in Figure 8.
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Fig. 8: Fits to Two-Component Energy Multiplication Curves

The total fusion power from two-component reactions due to NBI into a 50:50 DT mix is obtained by integrating over the plasma volume:
Pfus-TC    =   1/2 ∫ QTC(r) Pnbi(r) dV 

Where the factor 1/2 arises from the fact that only 50% of the target ions are of the species opposite to the injected species. 
3.17.3 Integration of Fusion Power Over Plasma Volume

As depicted in Fig. 9, the incremental volume ∆V is…
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where R is the radius from the plasma center at R0.
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Fig. 9: P Integration

3.18 Plasma Stored Energy

The plasma thermal energy is …
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3.19 Energy Confinement Time

Three versions of the energy confinement time are calculated, namely neoclassical, ITER 89 scaling, and ITER 98[y,2] scaling. When the calculations are performed in the mode where Ti=Te, the ITER 98[y,2] scaling is used for the ions and electrons. Otherwise the ion confinement is assumed neoclassical and the electrons per ITER 98. The ITER 89 scaling is calculated and reported but not otherwise used. For the ITER 98[y,2] scaling… 
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where 
[image: image80.wmf] is the line average electron density in units 1019/m3 and M is the average mass number, equal to 2.5 for a 50:50 DT mix.

For the  ITER 89 scaling…
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Formulae for the neoclassical ion confinement scaling were provided by P. Rutherford
.

Neoclassical Ion Confinement Scaling

To develop a simple approximation for the neoclassical ion energy confinement time it is important to take aspect-ratio effects into account, since the approximation a/R << 1, which may be valid for tokamaks, is certainly not adequate for STs.   However, it is less important to take account of neoclassical regimes other than the lowest-collisionality “banana” regime, since the topic is of interest only for high-Ti cases where the parameter*iis very small.   The neoclassical formulation most suited to this case is that by Chang and Hinton
, and we use this formulation for the ion thermal conductivity i.

In an actual case, even when i is given, the energy confinement time will depend on the profile of net heating power.   For present purposes, we choose to ignore this dependence and simply obtain a generic characteristic expression for the ion energy confinement time Ei.   We do this by assuming an essentially constant i and then treating the heat transport equation as if it were a diffusion equation of the form  D2T + T/Ei = 0  which, for cylindrical geometry, has Bessel functions J0(r) as solutions with the eigenvalue Ei then arising from setting a = 2.4, i.e., the first zero of J0. For the “constant” value of i, we take the actual value evaluated at r/a = 0.5, assuming the reference plasma profiles.   We assume an aspect ratio R/a = 1.5 so that i is calculated at r/R = 0.33 (the parameter in the Chang/Hinton paper).   We assume a 50/50 D/T plasma.
On this basis, we obtain the following final expression for the ion energy confinement time…

CEi    =    0.11  CCZeff Cplat  Ip2  Ti,av0.5 A0.5 / n20,av
Here, Ip is the plasma current in MA, Ti,av is the average ion temperature in keV, n20,av is the average density in units of 1020 m-3, and A = R/a is the aspect ratio.   The factors C, CZeff and Cplat are correction factors to take into account the effects of elongation, impurities and the banana-plateau transition, respectively.

The neoclassical confinement time in the banana regime goes like the square of the poloidal flux within the plasma.   As the elongation is increased at fixed toroidal field and fixed q-value, the poloidal flux increases, but so does the plasma current, with the result that most of the effect of elongation is already included in the above formula through the dependence on Ip.   In fact, the plasma current increases with elongation somewhat more rapidly than the poloidal flux, with the result that a correction factor…

C   =   [2 / (1 + 2)]2
should be applied.  This correction factor will be important only at fairly large elongation.

Simplistically, the effect of impurities would be taken into account by simply increasing the ion-ion collision frequency by Zeff, which would correspond to CZeff = Zeff-1.  However, a later paper by Chang and Hinton
 shows that impurities typically have a stronger effect on the transport because the impurity ions tend to be in a higher collisionality neoclassical regime.   These results can be approximated by taking…

CZeff   =   [1 + 2.4(Zeff – 1)]-1
Most cases of interest would seem to be deeply into the banana neoclassical regime, since the value of *i is very small. However, if banana-plateau transition effects are significant, they would tend to increase the confinement time by a small factor. The Chang/Hinton paper gives a correction factor…

Cplat   =   1 + *i0.5 + 0.3*i
and a representative value of *i is given by…

*i   =   0.02 Zeff n20,av q R (R/a)1.5 / Ti,av2
3.20 Confinement Enhancement Factor

A confinement enhancement factor HH is introduced and used in the power balance equations as follows…
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So, the effective confinement time is…
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3.21 Divertor and First Wall Heat Loads

Algorithms to estimate the divertor heat loads were supplied by C. Kessel
. The power in the scrape-off layer is…
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For the work described herein the cyclotron radiation is neglected and the line radiation is assumed equal to the bremsstrahlung radiation plus additional radiation of the power leaving the core of the plasma via Ar introduced into the core to enhance radiation. 

From equilibrium calculations the divertor configuration flux expansion, for reasonable divertor geometry assumptions, is found to follow… 
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where a is the minor radius, and ( is the e-folding of the heat flux in the scrape off layer.  Then the power into the scrape off layer can be related to the peak heat flux by
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where Q is the peak heat flux  This is assuming particle heat load only.  If we now include radiation in the divertor, we get two terms, and solving for the peak heat flux
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Note that the 8Ra = 2(2R)2a is the divertor area, based on actual geometric layout studies performed by C. Kessel. The inputs are the midplane scrape off layer e-folding at the midplane (assumed equal to 1.0cm) and the divertor radiation fraction.  In addition, to the calculation of the peak heat flux in the divertor, we must calculate the surface heat flux on the first wall, since its capability is typically much less than the divertor.  So the first wall heating is given by…
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The solver equations are designed to adjust the radiation fraction at the divertor as well as the core radiation to suit the engineering allowable peak heat flux. Solver solutions are valid if both the divertor peak heat flux and the first wall heat flux are within limits. The following constraints are typically applied…

Allowable peak heat flux at divertor = 15.0 MW/m2
Maximum radiation fraction at divertor = 90%

Allowable peak heat flux at first wall = 1.0 MW/m2

Maximum core radiation fraction = 60%

Minimum core radiation fraction = 60%

3.21 Fast Ion Effects

In addition to the pressure resulting from the “thermal” DT ions, additional partial pressures result from the alpha particles and the beam ions. These all add to the pressure which is taken into account in determining the total effective beta values which are compared by the solver to the allowable beta limits. Algorithms for the fast ion beta contributions were provided by P. Rutherford
,

3.21.1 Alpha contributions

An individual alpha-particle will give up its energy E according to the relation  dE/dt = - E/slow-, where slow- is the energy “slowing-down” time due to collisions with electrons.   If P is the alpha-particle heating power density in MW/m3, the stored energy density in alphas is then given by…

Wstored-=  P slow- (MJ/m3)

The energy slowing-down time for alpha particles is given by… 

slow-   =  0.18 (A/Z2) T101.5 /n20  =  0.18 T101.5 /n20     (secs)

where T10 is the electron temperature in units of 10 keV, and n20 is the electron density in units of 1020 m-3.  (For alphas, atomic mass A= 4 and charge Z= 2.  In the underlying physics, we have taken ln≈ 18.)  

To include profile effects it is assumed that the density, temperature and alpha power profiles are parabolas raised to adjustable powers:

n(r)  =  n(0) (1 – r2/a2)alpha_n

T(r)  =  T(0) (1 – r2/a2)alpha_T
P(r)  =  P(0) (1 – r2/a2)2 alpha_n + 2 alpha_T 

The “average” slowing-down time for alphas in terms of the average density navg and average temperature Tavg is defined as…

slow- =  0.18 T101.5 /n20        (secs)

The average alpha-particle heating power density is…

P =  Pfusion / 5/V          (MW/m3)

where V is the plasma volume. The average stored energy density in the alphas is then given by…

Wstored- =  Fprof Pslow- (MJ/m3)

where  Fprof  is a combined “profile factor” given by

Fprof  =  (1+2alpha_n+2alpha_T)(1+alpha_T)1.5÷[(1+alpha_n+3.5alpha_T)(1+alpha_n)]

With the stored energy density in MJ/m3 and the toroidal field strength in Tesla, the alpha contribution to toroidal beta is…

Wstored- / BT2
3.21.2 Beam ion contributions

Including collisions with both electrons and background ions, the slowing down of a beam ion with energy Enbi is given by

dEnbi/dt  =  -  (Enbi/slow-nbi) (1 + C Te1.5 /Enbi1.5)

where the second term in the parenthesis on the right is due to collisions with ions.   For a deuterium beam injected into a 50/50 D/T plasma, the constant C ≈ 64 (see Goldston & Rutherford, Section 14.4).   Thus, for electron temperatures in the range 10-15 keV, the “critical” beam energy Ecrit (at which the two contributions are equal) is in the range 160-240 keV.  Above Ecrit, the beam ions will slow down mainly by collisions with electrons and, below this energy, mainly by collisions with ions. From the above expression for dEnbi/dt, the equilibrium “slowing-down” velocity distribution of beam ions can be derived.   Multiplying by beam energy and integrating over all velocities, the stored energy density in the beam ions can be obtained.   However, the integrals cannot be done analytically except in the two limiting situations where electron collisions or ion collisions are by far predominant.   A simple formula for the beam stored energy that fits exactly to these two limiting cases, and which is expected to be reasonably good in intermediate cases also, is as follows:

Wstored-nbi   =  Pnbi slow-nbi / [1 + 2.5 (Ecrit/Enbi)1.5 ]             (MJ/m3).

Here, Einj is the beam injection energy and slow-nbi is the slowing-down time for beam ions by electron collisions, given by…

slow-nbi =  0.18 (Anbi/Znbi2) T101.5 /n20  =  0.36 T101.5 /n20      (secs).

To include profile effects, it is again assumed that the beam energy deposition profile can be adequately represented by a parabola raised to an adjustable power, i.e.,
Pnbi(r)  =  Pnbi(0) (1 – r2/a2)alpha_nbi
In carrying out the profile integration, it is assumed that profile effects are dominated by the radial dependences of Pnbi and slow-nbi, rather than by the radial dependence of Ecrit in the ion collision term.   In most cases anyway, the electron collision term is somewhat the larger.  Accordingly, after carrying out the profile integration, we apply an “average” correction factor for ion collisions obtained by employing an “average” value of the term in square brackets in the above expression for Wstored-nbi.   Then the average stored energy density in the beam ions is given by…

 Wstored-nbi =  Fprof Fcorr  Pnbi slow-nbi  (MJ/m3)

where the average slowing-down time on electrons is given by…

slow-nbi  =  0.36 T101.5 /n20            (secs)

Here Fprof is another combined profile factor given by…

Fprof  =  (1+alpha_nbi)(1+alpha_T)1.5÷[(1+alpha_nbi+1.5alpha_T-alpha_n)(1+alpha_n)]

and the correction factor accounting for collisions with ions is given by…

Fcorr  =  1 / [1 + 2.5 (Ecrit/Enbi)1.5]

with

Ecrit =  16 Te
The average beam power density is …

Pnbi =  Pnbi / V          (MW/m3)

where V is the plasma volume. Finally, the beam contribution to toroidal beta is…

nbiWstored-nbi / BT2
3.22 Neutron Wall Loading

Average neutron wall loading is based on the surface area of the plasma…
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3.23 Blanket Coverage

The area available to the blanket is reduced by ports which are required for NBI and other purposes. It is assumed that tangential NBI ports are located on the midplane and that tangential injection is accomplished via horizontal beam lines. In addition it is assumed that one radial port each is reserved for RF and Diagnostics. Other ports which can contain blanket test modules are assumed radial and of the same dimensions as the RF and Diagnostics ports. It is assumed that all of the midplane ports have the same height which is taken to be at least 1.0m, or…

dZport = MIN(2*(*R0/A-1.5),2**R0/A/3)

The preferred port height, 1/3 of the plasma height, is judged to be a reasonable value which provides significant access to the high neutron flux zone of the plasma. However, in recognition of the need for remote handling access to the port flanges for cask attachment, etc., it is judged prudent to reserve 1.5m from the top of the plasma (where an outer PF coil will be located) to the top of the port. 

3.23.1 NBI Port Requirements

For the high energy NBI envisioned (Enbi > 200keV) negative ion injection methods are required, and the current density achievable through the NBI duct is assumed limited to Jnbi=40A/m2. This is based on JT-60 experience
 with negative ion NBI which has targeted 10MW injection at 500keV through a duct of dimensions 1.1m x 0.45m. Knowing the NBI power and energy (equal to voltage for D and T ions) the total duct area and width can be determined as follows…

Anbi = Pnbi/Enbi/Jnbi
and…

Wduct-total = Anbi/dZport
A maximum NBI duct width of 1.25m is assumed. Then the minimum number of NBI ports is…

Nnbi=INT(1+Wduct-total/Wduct-max)

Then the actual duct width is…

Wduct=Wduct-total/Nnbi

From simple geometry considerations, and assuming that the NBI aims at R0, it can be shown that the tangency angle, chord and angle corresponding to the NBI duct at the outboard first wall radius, assuming 15 cm gap from outboard edge to first wall are…

Rofw= R0+a+0.15m

Rtangency = R0

tangency=cos-1(Rtangency / Rofw)

Cnbi= Wduct /cos(/2-tangency)

nbi=2 sin-1 (Cnbi /2/ Rofw)

3.23.2 Radial Port Allocations and Dimensions

It is assumed from practical considerations that all radial ports are 1.0m wide, such that the angle corresponding to each port is…

port=2 sin-1 (1.0/2/ Rofw)

From the above, the maximum number of radial ports can be determined…

Nport = INT((360-Nnbi*nbi)/port)

If two ports are reserved to RF and Diagnostics, then the remaining ports would be available, e.g., to blanket test modules, and the total available blanket test module area would be…

Ntm-max=Nport-2

Atm-max=Ntm-max*dZport*1.0

3.23.3 Neutron Flux Distribution and Area Weighting

a. Center Stack

The fraction of neutrons incident on the narrow midplane region of the center stack is…
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where  and  are angles in the toroidal and poloidal planes which correspond to the intersection of a cylinder (the center stack) and a unit sphere with center at the effective average point source of neutron production, which is assumed located a distance a/3 beyond R0. See Fig. 9. The angles  and  are…
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where Rfw is the radius of the first wall and ∆Ztfmid is the height of the narrow midplane section of the center stack.
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Fig. 9: Calculation of Solid Angle of Center StackOutboard Blanket

b. Data was supplied by L. El Guebaly
 concerning the expected neutron flux distribution on a cylindrical blanket extending up to the plasma height *a, in terms of normalized neutron flux as a function of normalized height. The former normalization is w.r.t. machine average n flux (based on the total plasma facing surface), the latter w.r.t. plasma height. In addition from the ARIES-ST studies
 (A=1.6) that the ratio of the neutron flux on the outboard blanket was equal to 4.6/3.3=1.39 times the machine average, with the machine average based on the total plasma facing surface. This information was used to estimate neutron flux distribution and weighting functions as follows.

The data from El Guebaly was scaled and curve fit to the following function …

nob(z)= 1.4318*(1-z/1.016)

This function has an integral of 1.0, which means that it represents the flux as a function of z, normalized to the average over the cylindrical blanket. 

c. Overall Accounting of Neutron Flux

The total plasma facing surface area Apfs is assumed to consist of that of a cylinder of height z=+/-*a at the outboard first wall radius Acyl, a center stack represented by a cylinder down the middle at the inboard first wall radius Acs, and lids top and bottom representing the divertor regions Adiv. 

Given the prior result concerning the fraction of neutron flux incident on the center stack fcs, a weighting function applied to the center stack area is…

Wcs=fcs*Apfs/Acs

Similarly, for the cylindrical outboard blanket, given the ARIES ratio of 1.39, 

Wcyl=1.39*Apfs/Acyl
Finally, for the divertor regions since ∑WiAi/Apfs = ∑Ai/Apfs= 1.0…

Wdiv = (Apfs - Wcs * Acs - Wcyl * Acyl)/ Adiv

d. Neutron Flux to Blanket and Test Modules

With the weighting functions established, the equation for neutron flux to the outboard region can be modified to reflect same as follows…

n’ob(z)= Wcyl *1.4318*(1-z/1.016)

This function gives the weighted flux dependency on z. For the radial ports which extend up to z=+/-dZport/2 the average of this function from z=0 to z=dZport/2 represents the weighting of the port area. Since ∫x(1-z2/y2)dz=x(z-z3/(3y2) it follows that the weighting function for the port area is the running average…

Wport= Wcyl *1.4318(zn-zn3/(3(1.0162))/zn
Where z is the normalized height of the port…

zn = dZport/2//a

Figure 10 shows the original data from El Guebaly (“NWL p.u.”), the scaled version with integral=1.0 (“NWL/avg”), the curve fit, the running average of the scaled data, and running average of the fit data. 
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Fig. 10: Outboard Neutron Flux Data

Thus the total effective area of Ntm test module ports, each of area  dZport*1.0m is…

Atm-eff= Ntm Wport *dZport *1.0m

Finally, the total available effective blanket area is the total plasma facing surface area minus the effective areas of the divertor, center stack, and ports for the NBI, RF, and Diagnostics. This assumes that all of the test module radial ports are available for blanket purposes.

Ablanket=Apfs-(Wcs*Acs-Wdiv*Adiv-Wport*dZport*(2*1.0m+Nnbi*Cnbi))

Where Cnbi is the width of the chord corresponding to the NBI port. Then the fraction of the neutrons which reach the blanket is…

fblanket=Ablanket/Apfs
3.24 Gross Thermal Power

Electricity production is assumed derived from the power in the fusion neutrons and the radiated power to the first wall. This includes energy multiplication which takes place in the blanket due to reactions involving the neutrons and the Li isotopes. The calculation includes a toggle to select whether or not energy flow through the SOL to the divertors is recovered. Other “balance of plant”  low grade heat such as dissipation in the magnets, pumping power, etc., is not recovered.

Then the total useful thermal power is…
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where…

fblanket = fraction of surface area covered by blanket 

fBEM = blanket energy multiplication factor (assumed =1.2) 

3.25 Electric Power Consumption or Production

The calculation includes a toggle to select whether or not electricity is to be produced. If so, then with thermal to electrical energy conversion efficiency EC the gross electrical power production is…
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and the operation of the “balance of plant” is assumed to consume a fraction (fBOP=10%) of the gross electric power production. Otherwise the balance of plant power is assumed to be 20MW. 

The conversion efficiency is typically assumed 35% for “conventional” power conversion and 45% for “advanced” power conversion” cycles. 

The net electric power production is…
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3.26 Tritium Consumption

The energy released per D-T reaction, which consumes one atom of tritium,  is…

W = 17.586MeV/atom*1.6x10-19Joule/eV=2.182Joule/atom

The mass of a tritium atom (atomic weight = 3) is…

mT= 3 gram/mole/6.02x1023=4.98x10-24gm/atom

Therefore the yield per unit mass is…

Y = 2.182Joule/atom/4.98x10-24gm/atom

= 5.65x1011Joule/gm

=5.65x108MJ/kg

=6.54MW-day/g

So the tritium fueling rate per day is…

QT-fueling = P_fusion/6.54 gm/day

For T breeding in the blanket, it is assumed that the blanket has a local T breeding ratio (TBR) of 1.2, i.e. 1.2 T atoms are bred from each incident neutron. So the net fractional breeding ratio (FBR) is as follows…

FBR= fblanket *TBR

And the net T consumption is…

QT = FBR* QT-fueling
3.27 Solver Operations

Typically the Solver is set up to adjust the following variables to obtain a solution…

frad, fGW, N, qcyl, Pfusion, CD, JTF, fW

In other cases more variables may be added to this list, such as R0 or A. 
In obtaining a solution the Solver iterates to satisfy the following constraints which are required for a mathematically valid solution:

1) Value of frad used to calculate E, nHe, Ptot and subsequent dependent variables must be equal to ratio of calculated values Pbrem/P. 

2) Value of Pfusion used to calculate Q and subsequent dependent variables must be equal to calculated value 5*P. 

3) Value CD must be  ≤  CDmax (T) = 0.025<T>

4) Value of PCD must be ≤ Paux
The following additional constraints are applied to ensure that physics and engineering limits are realistic…

1) N ≤ Nmax
2) qcyl ≥ qcylmin
3) 0.1 ≤ fBS ≤ 0.99

4) 0.1 ≤ fGW ≤ 1

5) TF ≤ 100MPa

6) TTFCu ≤ 150C

7) TTFH20 ≤ 150C

8) 0.05 ≤ fW ≤ 0.25

Additional constraints are sometimes added to limit the solution to a particular range of interest such as:

1) HH = or ≤  an input value

2) Nwall = or ≤ an input value 
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Calculate blanket coverage, T breeding, electric
power production

Check aptimization
criteria and constraints
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		0.8		0.7745966692		0.36		0.6332108394
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TF_inductance

		rinner1		0.001		m

		rinner2		4.425		m

		router1		4.425		m

		router2		5.18E+00		m

		half height		7		m

		height		14		m

		outer half height		7		m

		slope		-0

		mid outer leg		4.8		m

		Flux		0.0000029887		weber/amp-turn

		Coils		1

		Turns		1

		Inductance		3.0E-06		H

		W_tf		563.6		MJ

		dr		0.1035

		R		Z/2		Z		Ifraction		B'		∑B'*A

		0.001		7		14		0		0		0

		0.1045		7		14		0.0233951175		0.0000000448		0

		0.208		7		14		0.0467902351		0.000000045		0.0000000649

		0.3115		7		14		0.0701853526		0.0000000451		0.0000001301

		0.415		7		14		0.0935804702		0.0000000451		0.0000001954

		0.5185		7		14		0.1169755877		0.0000000451		0.0000002607

		0.622		7		14		0.1403707052		0.0000000451		0.0000003261

		0.7255		7		14		0.1637658228		0.0000000451		0.0000003915

		0.829		7		14		0.1871609403		0.0000000452		0.0000004569

		0.9325		7		14		0.2105560579		0.0000000452		0.0000005223

		1.036		7		14		0.2339511754		0.0000000452		0.0000005878

		1.1395		7		14		0.2573462929		0.0000000452		0.0000006532

		1.243		7		14		0.2807414105		0.0000000452		0.0000007187

		1.3465		7		14		0.304136528		0.0000000452		0.0000007841

		1.45		7		14		0.3275316456		0.0000000452		0.0000008496

		1.5535		7		14		0.3509267631		0.0000000452		0.000000915

		1.657		7		14		0.3743218807		0.0000000452		0.0000009805

		1.7605		7		14		0.3977169982		0.0000000452		0.000001046

		1.864		7		14		0.4211121157		0.0000000452		0.0000011114

		1.9675		7		14		0.4445072333		0.0000000452		0.0000011769

		2.071		7		14		0.4679023508		0.0000000452		0.0000012424

		2.1745		7		14		0.4912974684		0.0000000452		0.0000013079

		2.278		7		14		0.5146925859		0.0000000452		0.0000013733

		2.3815		7		14		0.5380877034		0.0000000452		0.0000014388

		2.485		7		14		0.561482821		0.0000000452		0.0000015043

		2.5885		7		14		0.5848779385		0.0000000452		0.0000015698

		2.692		7		14		0.6082730561		0.0000000452		0.0000016353

		2.7955		7		14		0.6316681736		0.0000000452		0.0000017007

		2.899		7		14		0.6550632911		0.0000000452		0.0000017662

		3.0025		7		14		0.6784584087		0.0000000452		0.0000018317

		3.106		7		14		0.7018535262		0.0000000452		0.0000018972

		3.2095		7		14		0.7252486438		0.0000000452		0.0000019627

		3.313		7		14		0.7486437613		0.0000000452		0.0000020282

		3.4165		7		14		0.7720388788		0.0000000452		0.0000020936

		3.52		7		14		0.7954339964		0.0000000452		0.0000021591

		3.6235		7		14		0.8188291139		0.0000000452		0.0000022246

		3.727		7		14		0.8422242315		0.0000000452		0.0000022901

		3.8305		7		14		0.865619349		0.0000000452		0.0000023556

		3.934		7		14		0.8890144665		0.0000000452		0.0000024211

		4.0375		7		14		0.9124095841		0.0000000452		0.0000024866

		4.141		7		14		0.9358047016		0.0000000452		0.0000025521

		4.2445		7		14		0.9591998192		0.0000000452		0.0000026176

		4.348		7		14		0.9825949367		0.0000000452		0.000002683

		4.4515		7		14		0.9646666667		0.0000000433		0.0000027485

		4.555		7		14		0.8266666667		0.0000000363		0.0000028113

		4.6585		7		14		0.6886666667		0.0000000296		0.0000028639

		4.762		7		14		0.5506666667		0.0000000231		0.0000029068

		4.8655		7		14		0.4126666667		0.000000017		0.0000029403

		4.969		7		14		0.2746666667		0.0000000111		0.0000029649

		5.0725		7		14		0.1366666667		0.0000000054		0.0000029809

		5.176		7		14		-0.0013333333		-0.0000000001		0.0000029887

		5.175		0		0		0		0		0.0000029887
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TF_Heating

		Itf		1.94E+07

		Rcenter		0.40

		∆Zcenter		5.40

		Rends		0.80

		∆Zends		4.30

		fH20		0.25

		tH20inlet		35.00

		tH20max		100.00

		tH20avg		67.50								Passage/Area

		vH20		10.00								ARIES-ST		326

		CSAcenter		0.50								Culham-CTF		2820

		CSAends		2.01								VNS		1818

		CSAH20		0.13

		Mass		163122.55

		Npassage/Area		500.00

		Npassage		251.33

		Dpassage		0.025

		WPPassage		0.08

		WP		19.92

		FlowH20		1.26														2.7570346538

		Xnwall		5.37										0.001352817				3.9835213717

		SHH20		4179.87														2.8980614069

		ViscH20		5.24E-04

		DensH20		981.19

		TconH20		0.66

		PrandtLH20		2.58

		Reynolds		472455.90

		Massflow		1232.9979723702

		Rmassflow		0.000000194										3.39

		DensCu		8940.00										2.7

		SHCu		386.00

		CoeffCu		0.0041

		ResCu		1.98E-08

		Section		Region		R		∆Z		Pnuc		CSACu		MassCu		HcapCu		Wet Area		Rfilm		Rthermal		TH20in		Rohmic		Pohmic		Ptotal		∆TH20		∆Tfilm		Tcu

		1		End		0.80		3.61		0.00E+00		1.88		6.08E+04		2.35E+07		7.19E+01		4.58E-07		6.52E-07		35.00		4.02E-08		1.51E+07		1.51E+07		2.94		6.94		43.41

		2		Angled		0.60		0.69		1.40E+07		1.01		6.23E+03		2.40E+06		1.38E+01		2.38E-06		2.58E-06		37.94		1.46E-08		5.52E+06		1.95E+07		3.79		46.60		86.44

		3		Center		0.40		1.35		1.82E+07		0.38		4.55E+03		1.76E+06		2.69E+01		1.22E-06		1.42E-06		41.73		7.71E-08		2.91E+07		4.73E+07		9.18		57.88		104.20

		4		Center		0.40		1.35		1.82E+07		0.38		4.55E+03		1.76E+06		2.69E+01		1.22E-06		1.42E-06		50.91		7.98E-08		3.01E+07		4.83E+07		9.37		59.11		114.71

		5		Center		0.40		1.35		1.82E+07		0.38		4.55E+03		1.76E+06		2.69E+01		1.22E-06		1.42E-06		60.28		8.25E-08		3.11E+07		4.93E+07		9.57		60.37		125.44

		6		Center		0.40		1.35		1.82E+07		0.38		4.55E+03		1.76E+06		2.69E+01		1.22E-06		1.42E-06		69.85		8.53E-08		3.22E+07		5.04E+07		9.78		61.65		136.39

		7		Angled		0.60		0.69		1.40E+07		1.01		6.23E+03		2.40E+06		1.38E+01		2.38E-06		2.58E-06		79.63		1.70E-08		6.39E+06		2.04E+07		3.96		48.70		130.31

		8		End		0.80		3.61		0.00E+00		1.88		6.08E+04		2.35E+07		7.19E+01		4.58E-07		6.52E-07		83.59		4.77E-08		1.80E+07		1.80E+07		3.49		8.24		93.58

								14.00				∑		1.52E+05

																						Max->		87.08		∑		1.67E+08						Max->		136.39

								7		3.39





TF_Stress

		Bmax		9.710150496		T

		Nu		0.34

		Sigrr		-65936534.2458744

		Sigtt		-18189388.7574826

		Sigzz		-19326225.5548253

		SigVM		47188998.5932544

		fStress		2

		SigMax		94.3779971865		MPA





Blanket

		Port Height (delta Z)		2.000		m		A		1.5		2		2.5

		Normalized port height (+/-Z)		0.33				R0		1.5		1.5		1.8								k1		1.448213938						a		0.9886649731				k1*a		1.431798394

		P_nbi		28.60		MW		a		1		0.75		0.72								k2		0.8712121212						b		1.0161463447

		E_nbi		400.00		keV		kappa		3		2.75		2.5						Z		NWL p.u.		NWL/Avg		Integral		Running Average		Fit		Integral Fit		Running Fit Average		(Error)^2

		I_nbi		71.51		Amp		kappa*a		3		2.0625		1.8						0		1		1.262		0		1.262		1.247400116		0		1.247400116		0.0002045306

		J_nbi		20.00		A/m^2		dZ port min		3		1.125		0.6						0.056391		1		1.262		0.0711486114		1.2617015369		1.2435585097		0.0710714559		1.2461195806		0.0002427974

		A_nbi		3.58		m^2		dZ port max		2		1.375		1.2						0.11278		0.97054		1.225		0.1422946993		1.2617015369		1.2320342358		0.1416774888		1.242278156		0.0003772677

		Max Duct Width		1.25				Actual dZ (clamped)		2		1.125		1						0.18797		0.93023		1.174		0.2343672461		1.2468332505		1.2047156017		0.2343044295		1.2331719446		0.0001866313

		#NBI Port		2.00				dZ port/dZ plas		0.3333333333		0.2727272727		0.2777777778						0.26316		0.86357		1.090		0.3226156904		1.2259298162		1.1637371962		0.3241879204		1.2195124761		0.0000411823

		NBI Duct Width		0.89		m														0.33835		0.82636		1.043		0.404540278		1.1956266529		1.1090990196		0.4102305521		1.2012997505		0.000032184

		R plasma midplane outboard edge		2.60		m														0.41353		0.74264		0.937		0.4829244257		1.1678098946		1.0408110632		0.4913245058		1.1785370984		0.0001150729

		Tangency Radius		1.50		m														0.48872		0.69302		0.874		0.553376706		1.1322980561		0.9588551607		0.5663940674		1.1512184642		0.0003579818

		Tangency Angle		54.77		deg														0.56391		0.61085		0.771		0.619121669		1.0979086538		0.8632394869		0.6343306883		1.119346573		0.0004595844

		NBI Chord		1.09		m														0.6391		0.57674		0.728		0.6770713827		1.0594138362		0.7539640419		0.6940369594		1.0829214246		0.0005526067

		NBI Angle		24.30		deg														0.71429		0.48372		0.610		0.7317851716		1.0244930932		0.6310288256		0.7444154713		1.0419430192		0.0003044999

		Area lost to NBI		4.41		m^2														0.78947		0.42636		0.538		0.7776682975		0.985051107		0.494452913		0.7843642433		0.996417715		0.0001291998

		Radial Port Width		1.00		m														0.86466		0.34264		0.432		0.8181159359		0.9461706751		0.3441999709		0.8127966151		0.946333401		0.0000000265

		Radial Port Angle		22.17		deg														0.93985		0.27132		0.342		0.8506212808		0.9050606808		0.1802872575		0.8286091462		0.8916958298		0.0001786192

		#Add'l Non-Blanket Ports		2																1		0.15504		0.196		0.8712121212		0.8712121212		0.0393268838		0.8314354852		0.8447090386		0.0007024134

		Available Test Module Ports		12																																0.0038845979

		Available Test Module Area		24.00

		phi_CS		0.552

		theta_CS		1.112

		fCS		7.9%

		A_pfs		150.80

		A_cs		18.85

		W_cs		0.63

		A_div		37.70

		W_div		0.20

		A_cyl		94.25

		W_cyl		1.39

		W_tm		1.68

		Area Requirement		10.00

		Actual Test Module Ports		6.00

		Actual Test Module Area		12.0

		Actual Test Module Weighted Area		20.12

		Weighted Area lost to Add'l Radial Ports		6.71

		Weighted Divertor Area Lost		7.53

		Weighted Center Stack Area Lost		11.89

		Weighted NBI Area Lost		7.34

		Effective Blanket Area Lost		33.46

		Prospective Blanket Area		150.80

		fN		0.78





Blanket
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Running Fit Average
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Tritium

		Half-life				12.30		yrs

		Tau				17.75		yrs

				CTF Phase 1		CTF Phase 2		CTF Phase 3				∑

		P_fusion		562.19		562.19		1092.87		MW

		Nwall		1.00		1.00		5.00		MW/m^2

		T fueling		17.20		17.20		19.20		gm/day

		fBR		0.00		0.64		0.99

		T consumption		17.20		6.25		0.15		gm/day

		Availability		0.30		0.30		0.30

		Fluence		0.30		2.00		5.00		MW-yr/m^2

		Operating Days		109.50		730.00		365.00		Days

		Years to Complete		1.00		6.67		3.33		Years		11.00		Years

		T consumption		1.88		0.68		0.02		kg/yr

		∑T consumption		1.88		4.56		0.06		kg		6.50		kg

				Yr		CY		T (CANDU)		T (ITER)		T (CTF)		T (Other)		T (Decay)		∑T

								(kg/yr)		(kg/yr)		(kg/yr)		(kg/yr)		(kg/yr)		(kG)

				1		2002		2.10		0.00		0.00		0.10		0.82		15.00

				2		2003		2.00		0.00		0.00		0.10		0.82		16.08

				3		2004		1.90		0.00		0.00		0.10		0.88		17.00

				4		2005		1.80		0.00		0.00		0.10		0.93		17.77

				5		2006		1.70		0.00		0.00		0.10		0.97		18.39

				6		2007		1.70		0.00		0.00		0.10		1.01		18.98

				7		2008		1.70		0.00		0.00		0.10		1.04		19.54

				8		2009		1.70		0.00		0.00		0.10		1.07		20.07

				9		2010		1.70		0.00		0.00		0.10		1.10		20.57

				10		2011		1.70		0.00		0.00		0.10		1.13		21.05

				11		2012		1.70		0.00		0.00		0.10		1.15		21.49

		ITER Start		12		2013		1.70		0.00		0.00		0.10		1.18		21.92

				13		2014		1.70		0.00		0.00		0.10		1.20		22.31

				14		2015		1.70		0.00		0.00		0.10		1.22		22.69

				15		2016		1.70		0.00		0.00		0.10		1.24		23.05

				16		2017		1.70		0.00		0.00		0.10		1.26		23.39

		ITER Begin DT		17		2018		1.70		1.00		0.00		0.10		1.28		23.70

				18		2019		1.70		1.00		0.00		0.10		1.30		23.01

				19		2020		1.70		1.00		0.00		0.10		1.26		22.34

				20		2021		1.70		1.00		0.00		0.10		1.22		21.72

		CTF Start		21		2022		1.70		1.00		0.00		0.10		1.19		21.13

		CTF Phase 1		22		2023		1.70		1.00		1.88		0.10		1.16		20.57

		CTF Phase 2		23		2024		1.70		1.60		0.68		0.10		1.13		18.16

		CANDU Supply End?		24		2025		1.70		1.60		0.68		0.10		1.00		16.48

				25		2026		1.53		1.60		0.68		0.10		0.90		14.72

				26		2027		1.36		1.60		0.68		0.10		0.81		12.89

				27		2028		1.19		1.60		0.68		0.10		0.71		10.99

				28		2029		1.02		1.60		0.68		0.10		0.60		9.02

				29		2030		0.85		1.60		0.68		0.10		0.49		7.00

		CTF Phase 3		30		2031		0.68		1.60		0.02		0.10		0.38		4.91

				31		2032		0.51		1.60		0.02		0.10		0.27		3.43

				32		2033		0.34		1.60		0.02		0.10		0.19		1.87

		ITER/CTF Shutdwon		33		2034		0.17		0.00		0.00		0.10		0.10		0.22

				34		2035		0.00		0.00		0.00		0.10		0.01		0.11

		DEMO Start		35		2036		0.00		0.00		0.00		0.10		0.01		-0.00

						∑		49.45		22.00		6.73		3.50		31.05





Tritium

		



∑T (kG)



Divertor

		



T (CANDU) (kg/yr)

T (ITER) (kg/yr)

T (CTF) (kg/yr)

T (Other) (kg/yr)

T (Decay) (kg/yr)



Summary

		Power		80.46		MW

		Area		37.70		m^2

		Avg Power		2.13		MW/m^2

		tH20inlet		35.00

		tH20max		100.00

		tH20avg		67.50

		vH20		10.00

		Nmodule		32.00

		Pmodule		2.51

		Npassage/module		48.00

		Npassage		1536.00

		Dpassage		0.01

		LPassage		1.00		m

		WPPassage		0.03

		WP		48.25

		FlowH20		1.21

		SHH20		4179.87

		ViscH20		5.24E-04

		DensH20		981.19

		TconH20		0.66

		PrandtLH20		2.58

		Reynolds		187249.73

		Massflow		1183.68

		Rmassflow		0.0000002021

		Rfilm		0.0000005668

		tH20outlet		61.87

		Backplate thickness		0.1

		Volume		3.7699111843

		Vol H20		0.1206371579

		fH20		0.032

		tH20avg calc		48.4330740518





Base

						NSTX				NSST				CTF																														Culham		ARIES-ST

						Inductive		Sustained		Inductive		Sustained		A=1.5														A=2.0								A=2.5								CTF

														Base		Base		Base		Max		Base		Base		Hi Perf		Net Elec w/		Base		Hi Perf		Base		Hi Perf		Base		Hi Perf		Base		Hi Perf

														Min P_elec		HH=1.0		HH=1.4		HH=1.8		Min P_elec						SC PF Coils		HH=1.4		HH=1.8		HH=1.2		HH=1.6		HH=1.4		HH=1.8		HH=1.0		HH=1.4

		R0		m		0.854		0.854		1.513		1.513		1.200		1.200		1.200		1.200		1.500		1.500		1.500		1.500		1.600		1.600		1.600		1.600		2.000		2.000		2.200		2.200		0.700		3.200

		A				1.300		1.300		1.600		1.600		1.500		1.500		1.500		1.500		1.500		1.500		1.500		1.500		2.000		2.000		2.000		2.000		2.500		2.500		2.500		2.500		1.600		1.600

		R0+a		m		1.511		1.511		2.458		2.458		2.00		2.00		2.00		2.00		2.50		2.500		2.500		2.500		2.400		2.400		2.400		2.400		2.800		2.800		3.080		3.080		1.138		5.200

		kappa				2.000		2.000		2.500		2.500		3.000		3.000		3.000		3.000		3.000		3.000		3.000		3.000		2.750		2.750		2.750		2.750		2.500		2.500		2.500		2.500		2.500		3.400

		delta				0.800		0.500		0.300		0.300		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.643

		qMHD								8.200		6.100		7.482		7.482		7.482		7.482		7.482		7.898		8.753		7.726		5.737		6.077		5.179		6.160		4.847		4.948		4.555		5.013		6.000		10.900

		qcyl												2.57		2.57		2.57		2.57		2.57		2.71		3.01		2.66		3.14		3.33		2.84		3.38		3.11		3.17		2.92		3.21				2.88

		qcyl/qcyl(A)												100.0%		100.0%		100.0%		100.0%		100.0%		105.6%		117.0%		103.3%		114.5%		121.3%		103.4%		122.9%		106.4%		108.6%		100.0%		110.1%

		Bt		T		0.300		0.450		2.600		1.150		1.684		2.425		2.425		2.208		1.638		2.665		2.665		2.586		4.373		4.373		4.373		4.373		5.497		5.497		5.543		5.543		3.430		2.080

		fH20												25.0%		25.0%		25.0%		25.0%		25.0%		25.0%		25.0%		24.8%		6.0%		6.0%		6.0%		6.0%		14.9%		14.9%		5.0%		5.0%

		TH20max		deg C										61.6		87.6		87.6		87.5		51.2		72.6		89.1		94.3		79.4		115.3		79.4		115.3		43.6		51.2		57.0		82.4

		TCumax		deg C										92.8		150.0		150.0		150.0		66.4		108.5		140.4		150.0		89.8		147.8		89.8		147.8		48.6		65.2		60.9		99.8

		Sigmax		MPA										45.4		94.2		94.2		78.1		37.8		100.0		100.0		94.1		100.0		100.0		100.0		100.0		100.0		100.0		100.0		100.0

		Javgtf		A/m^2										3.6E+07		5.1E+07		5.1E+07		4.7E+07		2.4E+07		4.0E+07		4.0E+07		3.9E+07		2.3E+07		2.3E+07		2.3E+07		2.3E+07		1.4E+07		1.4E+07		1.3E+07		1.3E+07				6.40E+05

		Itf		MA		1.3		1.9		19.7		8.7		10.1		14.6		14.6		13.2		12.3		20.0		20.0		19.4		35.0		35.0		35.0		35.0		55.0		55.0		61.0		61.0		12.0		33.3

		Ip		MA		1.200		0.800		10.100		6.200		8.731		12.573		12.573		11.448		10.614		16.362		14.766		16.228		11.911		11.243		13.195		11.093		10.262		10.053		12.112		11.004		8.000		28.400

		Beta_N_thermal												4.93%		2.01%		2.44%		6.02%		4.95%		2.20%		6.22%		8.19%		1.78%		4.86%		1.53%		4.73%		1.79%		4.57%		1.41%		4.20%				6.60%

		Beta_N_total				6.50%		5.50%		3.20%		4.64%		6.03%		3.58%		4.13%		6.96%		5.93%		3.65%		6.78%		8.55%		2.94%		5.39%		2.73%		5.11%		2.82%		5.15%		2.32%		4.65%		2.88%		7.38%

		Beta_N/Beta_N(A)												86.6%		51.4%		59.4%		100.0%		85.2%		52.4%		97.4%		109.8%		49.9%		91.4%		46.3%		86.6%		54.7%		100.0%		44.9%		90.2%

		Beta_T_alpha												1.4%		2.3%		3.8%		3.2%		1.6%		4.1%		2.5%				1.8%		1.4%		1.9%		0.8%		1.2%		1.1%		0.9%		0.7%

		Beta_T_nbi												5.7%		7.9%		7.1%		2.9%		4.8%		4.8%		0.7%				2.1%		0.3%		2.6%		0.4%		1.2%		0.2%		1.4%		0.3%

		Beta_T_thermal												31.9%		13.0%		15.8%		39.0%		32.1%		13.5%		34.4%		51.4%		6.0%		15.6%		5.8%		15.0%		4.2%		10.4%		3.5%		9.5%

		Beta_T_total				35.0%		17.0%		13.3%		26.3%		39.1%		23.2%		26.8%		45.1%		38.4%		22.4%		37.6%				10.0%		17.3%		10.3%		16.2%		6.6%		11.8%		5.8%		10.5%		15.3%		50.4%

		Beta_P				70.0%		130.0%		68.2%		74.2%		95.1%		38.7%		47.1%		116.1%		95.4%		44.9%		140.3%		163.2%		55.8%		162.0%		43.4%		159.7%		69.6%		181.1%		51.3%		168.8%				173.0%

		xne		1/m^3						2.10E+20		1.00E+20		1.9E+20		1.0E+20		9.5E+19		2.6E+20		1.6E+20		8.0E+19		3.3E+20		4.3E+20		9.6E+19		3.7E+20		9.2E+19		4.3E+20		1.1E+20		3.4E+20		1.0E+20		3.9E+20		2.23E+21		1.58E+20

		fGW				50.0%		50.0%		63.3%		50.7%		48.6%		18.7%		17.1%		52.1%		53.4%		17.3%		78.9%		91.6%		18.3%		74.0%		15.7%		88.5%		23.2%		77.5%		23.2%		96.6%				111.1%

		alpha_n								0.200		0.200		0.250		0.250		0.250		0.250		0.250		0.250		0.250		0.220		0.250		0.250		0.250		0.250		0.250		0.250		0.250		0.250

		alpha_T								1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		0.220		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000

		fBS				10.0%		50.0%		Inductive		36.7%		61.0%		24.9%		30.2%		74.5%		61.2%		28.8%		90.0%		99.0%		31.0%		90.0%		24.1%		88.8%		34.6%		90.0%		25.5%		83.9%		28.8%		95.8%

		Tempavg		keV		1.000		1.000		5.500		4.500		6.620		10.138		13.538		9.995		7.364		16.667		10.389		11.432		16.667		11.405		16.667		9.215		16.667		12.906		14.417		10.470		10.200		16.000

		HH_98				1.000		1.500		1.400		1.400		1.4		1.0		1.4		1.8		1.4		1.4		1.8		2.1		1.4		1.8		1.2		1.6		1.4		1.8		1.0		1.4		1.300		1.436

		HH_89								1.000		0.500		2.9		1.7		2.5		4.0		3.0		2.6		4.5				2.4		4.2		2.0		3.8		2.4		4.0		1.7		3.1

		Tau_E*HH								2.000		0.3		0.442		0.353		0.601		0.768		0.665		0.959		1.290		1.867		0.798		1.074		0.688		0.962		0.849		1.123		0.640		0.893				2.129

		Q								6.7		1.4		1.553		1.551		2.438		5.806		2.091		3.352		19.997		206.356		3.356		21.962		2.892		13.556		3.806		27.850		2.793		13.665		1.724137931		107.900

		P_Brem		MW										5.1		1.9		1.9		12.6		7.7		2.9		40.0		55.9		2.7		32.8		2.4		40.5		3.6		35.0		4.2		52.4				58.8

		P_line		MW						30.0		30.0		11.1		11.8		8.4		13.4		13.7		10.6		20.1		19.5		9.6		18.5		10.6		19.8		11.2		21.2		16.8		32.7				128.4

		P_aux		MW				7.0						46.3		46.4		29.5		36.9		53.8		33.5		28.1		3.6		30.4		23.2		35.2		37.6		33.9		21.5		56.6		57.9		45.0		27.6

		P_fusion		MW						60.0		7.5		72.0		72.0		72.0		214.4		112.4		112.4		562.2		749.2		101.9		509.4		101.9		509.4		129.1		597.6		158.2		791.0		26.1		2978.6

		P_alpha		MW						12.0		1.5		14.4		14.4		14.4		42.9		22.5		22.5		112.4		149.8		20.4		101.9		20.4		101.9		25.8		119.5		31.6		158.2		5.22		594.6

		fTC												45.2%		56.1%		41.3%		14.9%		35.4%		33.4%		4.4%		0.4%		33.4%		4.2%		38.7%		6.1%		29.4%		3.5%		37.3%		6.5%

		Eta_CD		A/W-m^2										0.17		0.25		0.34		0.25		0.18		0.42		0.26		0.29		0.42		0.29		0.42		0.23		0.42		0.32		0.36		0.26

		P_CD		MW										46.3		46.4		29.5		36.9		53.8		33.5		28.1		3.6		30.4		23.2		35.2		37.6		33.9		21.5		56.6		57.9				27.6

		P_aux_input												103.0		103.1		65.6		82.1		119.5		74.5		62.5		8.1		67.5		51.5		78.3		83.5		75.4		47.7		125.9		128.6				188.8

		∑P_tf		MW										73.9		158.8		158.8		131.7		74.0		201.7		206.3		195.1		191.9		199.9		191.9		199.9		264.8		266.8		283.9		290.5				325.5

		∑P_pf		MW										28.9		42.0		42.0		38.1		38.8		60.6		54.5		0.0		42.9		40.4		47.7		39.9		39.6		38.8		49.2		44.6

		P_bop		MW										20.0		20.0		20.0		20.0		20.0		20.0		20.0		22.5		20.0		20.0		20.0		20.0		20.0		20.0		20.0		20.0

		∑P_elec input		MW										225.7		323.9		286.3		271.9		252.3		356.8		343.2		225.6		322.3		311.9		337.9		343.3		399.7		373.3		478.9		483.8

		Xnwall		MW						0.6		0.1		1.1		1.1		1.1		3.2		1.1		1.1		5.4		7.2		1.2		5.9		1.2		5.9		1.2		5.7		1.3		6.3

		Qn_wall		MW/m^2										0.60		0.60		0.60		1.78		0.60		0.60		2.98		3.97		0.68		3.38		0.68		3.38		0.73		3.40		0.74		3.72

		Qn_tm		MW/m^2										1.00		1.00		1.00		2.98		1.00		1.00		5.00		6.66		1.00		5.00		1.00		5.00		1.00		4.63		1.00		5.00

		Port Height (delta Z)		MW/m^2										1.60		1.60		1.60		1.60		2.00		2.00		2.00		2.00		1.40		1.40		1.40		1.40		1.00		1.00		1.40		1.40

		#NBI Port		m										3		3		2		3		3		2		2		1		3		2		3		3		4		3		5		5

		Available Test Module Area												9.60		9.60		12.80		11.20		20.00		22.0		24.0		26.0		14.0		14.0		12.6		12.6		10.0		12.0		14.0		14.0

		#Test Module Ports		m^2										6		6		7		7		6		6		6		6		8		8		8		8		11		11		8		8

		A_cyl_blanket												43.2		43.2		43.2		43.2		66.6		66.6		66.6		66.6		48.1		48.1		48.1		48.1		55.6		55.6		60.9		60.9

		T fueling rate		g/day										11.01		11.01		11.01		32.80		17.20		17.2		86.0		114.6		15.6		77.9		15.6		77.9		19.7		91.4		24.2		121.0

		fCS												7.9%		7.9%		7.9%		7.9%		7.9%		7.9%		7.9%				12.4%		12.4%		12.4%		12.4%		15.3%		15.3%		15.3%		15.3%

		fN												81.6%		81.6%		81.6%		81.6%		82.7%		82.7%		82.7%		82.7%		73.2%		73.2%		73.2%		73.2%		67.8%		67.8%		67.5%		67.5%

		FBR												97.9%		97.9%		97.9%		97.9%		99.2%		99.2%		99.2%		99.2%		87.9%		87.9%		87.9%		87.9%		81.3%		81.3%		81.0%		81.0%

		T consumption rate		g/day										0.23		0.23		0.23		0.70		0.14		0.14		0.68		0.91		1.89		9.45		1.89		9.45		3.69		17.08		4.60		23.01

		n/s/W												9.2E+10		6.43E+10		7.3E+10		2.3E+11		1.31E+11		9.2E+10		4.8E+11		9.7E+11		8.2E+10		4.2E+11		7.8E+10		3.9E+11		7.8E+10		3.9E+11		7.9E+10		3.9E+11

		frad_core												20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%

		Q_fw		MW/m^2										0.336		0.284		0.213		0.539		0.284		0.180		0.798		1.000		0.203		0.849		0.216		1.000		0.211		0.799		0.247		1.000

		frad_div												67.4%		69.4%		55.3%		73.8%		57.4%		43.7%		72.4%		71.4%		49.2%		75.6%		54.5%		77.5%		46.5%		73.7%		57.6%		80.3%

		Q_div		MW/m^2										15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0

		P_elec gen		MW										0.0		0.0		0.0		0.0		0.0		0.0		0.0		224.7		0.0		0.0		0.0		0.0		0.0		0.0		0.0		0.0

		Q_elec												0.00		0.00		0.00		0.00		0.00		0.00		0.00		1.00		0.00		0.00		0.00		0.00		0.00		0.00		0.00		0.00				2.93

		Annual Elec Cost		$M (30% avail)										43.7		62.7		55.5		52.7		48.9		69.1		66.5		0.0		62.4		60.4		65.4		66.5		77.4		72.3		92.8		93.7

		Mass_CS		kg										8.9E+04		8.86E+04		8.9E+04		8.9E+04		1.63E+05		1.6E+05		1.6E+05		1.6E+05		3.7E+05		3.7E+05		3.7E+05		3.7E+05		6.5E+05		6.5E+05		8.6E+05		8.6E+05

		Mass_Outer		kg										8.9E+05		8.87E+05		8.9E+05		8.9E+05		1.10E+06		1.1E+06		1.1E+06		1.1E+06		9.7E+05		9.7E+05		9.7E+05		9.7E+05		1.0E+06		1.0E+06		1.2E+06		1.2E+06

		(P_aux+P_alpha)/R0		MW/m		0.0		8.2		7.9		1.0		50.6		50.7		36.6		66.5				37.4		93.7		102.3		31.7		78.2		34.8		87.2		29.9		70.5		40.1		98.2		71.7		194.4

		P_elec_net/vol		MW/m^3		0.0		0.0		0.0		0.0		-5.0		-7.1		-6.3		-6.0				-4.0		-3.9		-0.0		-5.8		-5.6		-6.1		-6.2		-6.3		-5.9		-5.7		-5.8		0.0		1.2





		Target Qn		5

		Target HH		1.8

		Ip Limit		40

		Temp0 Limit		30

		TCumax Limit		150

		Sigmax Limit		100

		Q_div_limit		15

		frad_div_limit		0.90

		Q_fw_limit		1.00

		fpeak_fw		2.00

		frad_core_limit		0.60

		mu0		1.257E-06

		R0		1.50

		A		1.50

		R0+a		2.50

		e		0.67

		kappa(A)		3.00		2.91

		kappa		3.00				f(A)																				Net Elec																Culham		Culham		Culham														ARIES-ST

		delta		0.40		4*PI()*0.0000001				1.500		R0		1.200		1.200		1.200		1.200		1.500		1.500		1.500		1.500		1.600		1.600		1.600		1.600		2.000		2.000		2.200		2.200		0.700		0.700		0.700		R0		1.500		1.750		2.000		2.250		2.500		2.750		2.930		3.200

		qcyl(A)		2.57						1.500		A		1.500		1.500		1.500		1.500		1.500		1.500		1.500		1.500		2.000		2.000		2.000		2.000		2.500		2.500		2.500		2.500		1.600		1.600		1.550		A		1.500		1.500		1.500		1.500		1.500		1.500		1.500		1.600

		qcyl		2.93						2.50		R0+a		2.00		2.00		2.00		2.00		2.50		2.500		2.500		2.500		2.400		2.400		2.400		2.400		2.800		2.800		3.080		3.080		1.138		1.138		1.152		R0+a		2.50		2.92		3.33		3.75		4.17		4.58		4.88		5.20

		sMHD		29.1		1/A				3.000		kappa		3.000		3.000		3.000		3.000		3.000		3.000		3.000		3.000		2.750		2.750		2.750		2.750		2.500		2.500		2.500		2.500		2.500		2.500		2.939		kappa		3.000		3.000		3.000		3.000		3.000		3.000		3.000		3.750

		s		10.0						0.400		delta		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.400		delta		0.400		0.400		0.400		0.400		0.400		0.400		0.400		0.674

		qMHD		8.510						8.510		qMHD		7.482		7.482		7.482		7.482		7.482		7.898		8.753		7.726		5.737		6.077		5.179		6.160		4.847		4.948		4.555		5.013		6.000		5.287		7.162		qMHD		7.726		7.792		7.880		8.013		8.148		8.281		8.372		9.507

		Javgtf		3.864E+07		(1+kappa^2*(1+2*delta^2-1.2*delta^3))/(1-e^2)^2				2.93		qcyl		2.57		2.57		2.57		2.57		2.57		2.71		3.01		2.66		3.14		3.33		2.84		3.38		3.11		3.17		2.92		3.21				2.12		2.67		qcyl		2.66		2.68		2.71		2.75		2.80		2.85		2.88		3.07

		∆Rfw		0.100		(1+kappa^2)				113.7%		qcyl/qcyl(A)		100.0%		100.0%		100.0%		100.0%		100.0%		105.6%		117.0%		103.3%		114.5%		121.3%		103.4%		122.9%		106.4%		108.6%		100.0%		110.1%				81.5%		103.1%		qcyl/qcyl(A)		103.3%		104.1%		105.3%		107.1%		108.9%		110.7%		111.9%		117.8%

		∆Rtf		0.400						2.589		Bt		1.684		2.425		2.425		2.208		1.638		2.665		2.665		2.586		4.373		4.373		4.373		4.373		5.497		5.497		5.543		5.543		3.430		3.430		1.122		Bt		2.586		2.551		2.544		2.582		2.630		2.686		2.732		1.937

		fH20		0.250		qMHD*s/sMHD				25.0%		fH20		25.0%		25.0%		25.0%		25.0%		25.0%		25.0%		25.0%		24.8%		6.0%		6.0%		6.0%		6.0%		14.9%		14.9%		5.0%		5.0%				25.0%		25.0%		fH20		24.8%		18.6%		16.0%		14.8%		13.9%		13.1%		12.5%		8.3%

		Bt(J)		2.589						87.1		TH20max		61.6		87.6		87.6		87.5		51.2		72.6		89.1		94.3		79.4		115.3		79.4		115.3		43.6		51.2		57.0		82.4				342.1		75.3		TH20max		94.3		100.9		105.2		108.7		112.0		115.2		117.3		88.7

		Bt		2.589		PI()*R0*e^2*Bt*s/qcyl/mu0/1e6				136.4		TCumax		92.8		150.0		150.0		150.0		66.4		108.5		140.4		150.0		89.8		147.8		89.8		147.8		48.6		65.2		60.9		99.8				1038.1		150.0		TCumax		150.0		150.0		150.0		150.0		150.0		150.0		150.0		102.9

		Itf		1.94E+07						94.4		Sigmax		45.4		94.2		94.2		78.1		37.8		100.0		100.0		94.1		100.0		100.0		100.0		100.0		100.0		100.0		100.0		100.0				218.5		28.0		Sigmax		94.1		85.4		80.7		80.0		80.4		81.9		83.5		31.8

		TH20max		87.1		Ip*Beta_N/R0/e/Bt				3.9E+07		Javgtf		3.6E+07		5.1E+07		5.1E+07		4.7E+07		2.4E+07		4.0E+07		4.0E+07		3.9E+07		2.3E+07		2.3E+07		2.3E+07		2.3E+07		1.4E+07		1.4E+07		1.3E+07		1.3E+07				5.4E+07		5.7E+07		Javgtf		3.9E+07		3.0E+07		2.5E+07		2.2E+07		1.9E+07		1.8E+07		1.7E+07		8.2E+06

		TCumax		136.4						19.4		Itf		10.1		14.6		14.6		13.2		12.3		20.0		20.0		19.4		35.0		35.0		35.0		35.0		55.0		55.0		61.0		61.0		12.0		12.0		3.9		Itf		19.4		22.3		25.4		29.0		32.9		36.9		40.0		31.0

		Sigmax		94.4		Beta_N*(mu0*1000000)*10*e*R0*Bt*s/Ip				14.754		Ip		8.731		12.573		12.573		11.448		10.614		16.362		14.766		16.228		11.911		11.243		13.195		11.093		10.262		10.053		12.112		11.004		8.000		8.000		2.951		Ip		16.228		18.517		20.874		23.436		26.080		28.837		30.912		29.687

		∆Ztf middle		5.400						6.39%		Beta_N_thermal		4.93%		2.01%		2.44%		6.02%		4.95%		2.20%		6.22%		8.19%		1.78%		4.86%		1.53%		4.73%		1.79%		4.57%		1.41%		4.20%				1.73%		5.04%		Beta_N_thermal		8.19%		8.12%		8.03%		7.90%		7.77%		7.64%		7.56%		6.85%

		∆Ztf end		4.300						6.96%		Beta_N_total		6.03%		3.58%		4.13%		6.96%		5.93%		3.65%		6.78%		8.55%		2.94%		5.39%		2.73%		5.11%		2.82%		5.15%		2.32%		4.65%		2.88%		4.37%		6.79%		Beta_N_total		8.55%		8.55%		8.55%		8.55%		8.55%		8.55%		8.55%		7.40%

		Rend/Rmiddle		2.000				2.000E+00		100.0%		Beta_N/Beta_N(A)		86.6%		51.4%		59.4%		100.0%		85.2%		52.4%		97.4%		109.8%		49.9%		91.4%		46.3%		86.6%		54.7%		100.0%		44.9%		90.2%				70.8%		100.0%		Beta_N/Beta_N(A)		109.8%		109.8%		109.8%		109.8%		109.8%		109.8%		109.8%		87.6%

		Nu_TF		0.95		fGW*Ip/(PI()*R0^2*e^2*(1+0.5*alpha_N))*1e20				2.6%		Beta_T_alpha		1.4%		2.3%		3.8%		3.2%		1.6%		4.1%		2.5%				1.8%		1.4%		1.9%		0.8%		1.2%		1.1%		0.9%		0.7%

		P_tf_inner		167.5						0.7%		Beta_T_nbi		5.7%		7.9%		7.1%		2.9%		4.8%		4.8%		0.7%				2.1%		0.3%		2.6%		0.4%		1.2%		0.2%		1.4%		0.3%

		P_tf_outer		17.0		0.5*(2+alpha_N)*xne/1e20				36.4%		Beta_T_thermal		31.9%		13.0%		15.8%		39.0%		32.1%		13.5%		34.4%		51.4%		6.0%		15.6%		5.8%		15.0%		4.2%		10.4%		3.5%		9.5%		15.3%		9.2%		29.3%		Beta_T		51.4%		50.5%		49.4%		47.8%		46.2%		44.8%		43.8%		52.5%

		∑P_tf		194.2						39.7%		Beta_T_total		39.1%		23.2%		26.8%		45.1%		38.4%		22.4%		37.6%				10.0%		17.3%		10.3%		16.2%		6.6%		11.8%		5.8%		10.5%

		Ip		14.754						140.3%		Beta_P		95.1%		38.7%		47.1%		116.1%		95.4%		44.9%		140.3%		163.2%		55.8%		162.0%		43.4%		159.7%		69.6%		181.1%		51.3%		168.8%				29.4%		104.3%		Beta_P		163.2%		163.2%		163.2%		163.2%		163.2%		163.2%		163.2%		168.3%

		(Rpf-R0)/a		4.00E+00						3.3E+20		xne		1.9E+20		1.0E+20		9.5E+19		2.6E+20		1.6E+20		8.0E+19		3.3E+20		4.3E+20		9.6E+19		3.7E+20		9.2E+19		4.3E+20		1.1E+20		3.4E+20		1.0E+20		3.9E+20		2.2E+21		1.2E+20		1.8E+20		xne		4.3E+20		3.8E+20		3.4E+20		3.0E+20		2.7E+20		2.5E+20		2.3E+20		1.9E+20

		Rpf		5.50E+00		1.5*tpote*(Beta_N*Ip*Bt/(R0*e*2*mu0))/(3.52*1.6e-16*(1+(5/Q)-frad))				79.6%		fGW		48.6%		18.7%		17.1%		52.1%		53.4%		17.3%		78.9%		91.6%		18.3%		74.0%		15.7%		88.5%		23.2%		77.5%		23.2%		96.6%				10.2%		43.4%		fGW		91.6%		96.9%		100.0%		100.0%		100.0%		100.0%		100.0%		88.3%

		Ipf/Ip		5.00E-01						0.250		alpha_n		0.250		0.250		0.250		0.250		0.250		0.250		0.250		0.220		0.250		0.250		0.250		0.250		0.250		0.250		0.250		0.250				0.250		0.250		alpha_n		0.220		0.220		0.220		0.220		0.220		0.220		0.220		0.226

		Ipf		7.38E+06						1.000		alpha_T		1.000		1.000		1.000		1.000		1.000		1.000		1.000		0.220		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000				1.000		1.000		alpha_T		0.220		0.220		0.220		0.220		0.220		0.220		0.220		0.226

		Jpf		5.00E+06						90.0%		fBS		61.0%		24.9%		30.2%		74.5%		61.2%		28.8%		90.0%		99.0%		31.0%		90.0%		24.1%		88.8%		34.6%		90.0%		25.5%		83.9%		28.8%		18.3%		65.8%		fBS		99.0%		99.0%		99.0%		99.0%		99.0%		99.0%		99.0%		99.0%

		Apf		1.48E+00						10.287		Tempavg		6.620		10.138		13.538		9.995		7.364		16.667		10.389		11.432		16.667		11.405		16.667		9.215		16.667		12.906		14.417		10.470		10.200		12.343		2.845		Tempavg		11.432		12.341		13.504		15.208		16.987		18.864		20.293		14.985

		PF aspect ratio		2						1.8		HH_98		1.4		1.0		1.4		1.8		1.4		1.4		1.8		2.1		1.4		1.8		1.2		1.6		1.4		1.8		1.0		1.4		1.3		1.3		1.3		HH		2.1		1.9		1.8		1.7		1.7		1.6		1.6		1.4

		#PF		2						4.5		HH_89		2.9		1.7		2.5		4.0		3.0		2.6		4.5				2.4		4.2		2.0		3.8		2.4		4.0		1.7		3.1

		PF width		0.607				0.000		1.287		Tau_E*HH		0.442		0.353		0.601		0.768		0.665		0.959		1.290		1.867		0.798		1.074		0.688		0.962		0.849		1.123		0.640		0.893				0.188		0.097		Tau_E*HH		1.867		1.847		1.837		1.848		1.927		2.063		2.199		2.981

		PF height		1.215				0.000		19.655		Q		1.553		1.551		2.438		5.806		2.091		3.352		19.997		206.356		3.356		21.962		2.892		13.556		3.806		27.850		2.793		13.665				1.457		0.483		Q		206.4		275.2		366.3		497.6		642.2		795.7		908.4		529.1

		P_pf		51.7						40.5		P_Brem		5.1		1.9		1.9		12.6		7.7		2.9		40.0		55.9		2.7		32.8		2.4		40.5		3.6		35.0		4.2		52.4				0.4		0.5		P_Brem		55.9		72.6		90.3		107.9		128.0		151.2		170.2		133.7

		Nu_PF		0.95		xne*(1-Zimp*fimp)-2*xnHe				20.1		P_line		11.1		11.8		8.4		13.4		13.7		10.6		20.1		19.5		9.6		18.5		10.6		19.8		11.2		21.2		16.8		32.7				4.5		3.8		P_line		19.5		30.0		43.8		61.7		81.4		102.3		117.5		74.8

		SC PF?		No						28.6		P_aux		46.3		46.4		29.5		36.9		53.8		33.5		28.1		3.6		30.4		23.2		35.2		37.6		33.9		21.5		56.6		57.9		45.0		17.9		17.6		P_aux		3.6		4.0		4.2		4.1		4.1		4.1		4.1		4.8

		∑P_pf		54.4						562.2		P_fusion		72.0		72.0		72.0		214.4		112.4		112.4		562.2		749.2		101.9		509.4		101.9		509.4		129.1		597.6		158.2		791.0		26.1		26.1		8.5		P_fusion		749.2		1092.9		1525.0		2061.5		2654.7		3291.7		3767.9		2513.8

		alpha_n(A)		0.22						112.4		P_alpha		14.4		14.4		14.4		42.9		22.5		22.5		112.4		149.8		20.4		101.9		20.4		101.9		25.8		119.5		31.6		158.2				5.2		1.7		P_alpha		149.8		218.6		305.0		412.3		530.9		658.3		753.6		502.8

		alpha_T(A)		0.25						4.5%		fTC		45.2%		56.1%		41.3%		14.9%		35.4%		33.4%		4.4%		0.4%		33.4%		4.2%		38.7%		6.1%		29.4%		3.5%		37.3%		6.5%				66.0%		94.8%		fTC		0.4%		0.3%		0.3%		0.2%		0.2%		0.1%		0.1%		0.2%

		alpha_n		0.25				fixed		0.26		Eta_CD		0.17		0.25		0.34		0.25		0.18		0.42		0.26		0.29		0.42		0.29		0.42		0.23		0.42		0.32		0.36		0.26				0.31		0.07		Eta_CD		0.29		0.31		0.34		0.38		0.42		0.47		0.51		0.37

		alpha_T		1.00				fixed		28.6		P_CD		46.3		46.4		29.5		36.9		53.8		33.5		28.1		3.6		30.4		23.2		35.2		37.6		33.9		21.5		56.6		57.9				17.9		17.6		P_CD		3.6		4.0		4.2		4.1		4.1		4.1		4.1		4.8

		Beta_N(A) Wong		6.96%				active limit		63.6		P_aux_input		103.0		103.1		65.6		82.1		119.5		74.5		62.5		8.1		67.5		51.5		78.3		83.5		75.4		47.7		125.9		128.6				39.8		39.2		P_aux_input		8.1		8.8		9.3		9.2		9.2		9.2		9.2		10.6

		Beta_N(A) Menard		8.55%						194.2		∑P_tf		73.9		158.8		158.8		131.7		74.0		201.7		206.3		195.1		191.9		199.9		191.9		199.9		264.8		266.8		283.9		290.5				279.0		29.8		∑P_tf		195.1		195.0		206.8		229.6		257.0		289.2		315.5		158.0

		Beta_N_thermal		6.39%						54.4		∑P_pf		28.9		42.0		42.0		38.1		38.8		60.6		54.5		0.0		42.9		40.4		47.7		39.9		39.6		38.8		49.2		44.6				21.8		7.9		∑P_pf		0.0		0.0		0.0		0.0		0.0		0.0		0.0		0.0

		Beta_N_alpha		0.45%						20.0		P_bop		20.0		20.0		20.0		20.0		20.0		20.0		20.0		22.5		20.0		20.0		20.0		20.0		20.0		20.0		20.0		20.0				20.0		20.0		P_bop		22.5		32.7		45.6		61.5		79.1		98.2		112.5		77.7

		Beta_N_beam		0.12%		xnDT*(((1+fimp)/(1-Zimp*fimp))+1)+xnHe*(2*((1+fimp)/(1-Zimp*fimp))+1)				332.2		∑P_elec input		225.7		323.9		286.3		271.9		252.3		356.8		343.2		225.6		322.3		311.9		337.9		343.3		399.7		373.3		478.9		483.8				360.6		96.8		∑P_elec input		225.6		236.6		261.7		300.3		345.4		396.6		437.3		246.3

		Beta_N_total		6.96%						5.4		Xnwall		1.1		1.1		1.1		3.2		1.1		1.1		5.4		7.2		1.2		5.9		1.2		5.9		1.2		5.7		1.3		6.3				1.3		0.4		Xnwall		7.2		7.7		8.2		8.8		9.1		9.4		9.4		5.2

		Beta_T		36.4%						2.98		Qn_wall		0.60		0.60		0.60		1.78		0.60		0.60		2.98		3.97		0.68		3.38		0.68		3.38		0.73		3.40		0.74		3.72				0.78		0.22		Qn_wall		3.97		4.26		4.55		4.86		5.07		5.20		5.24		2.63

		Beta_P		140.3%						5.00		Qn_tm		1.00		1.00		1.00		2.98		1.00		1.00		5.00		6.66		1.00		5.00		1.00		5.00		1.00		4.63		1.00		5.00								Qn_tm		6.66		7.14		7.63		8.15		8.50		8.71		8.78		4.53

		pf		1.484						2.00		Port Height (delta Z)		1.60		1.60		1.60		1.60		2.00		2.00		2.00		2.00		1.40		1.40		1.40		1.40		1.00		1.00		1.40		1.40				0.00		0.00		Port Height (delta Z)		2.00		2.33		2.67		3.00		3.33		3.67		3.91		5.00

										2		#NBI Port		3		3		2		3		3		2		2		1		3		2		3		3		4		3		5		5								#NBI Port		1		1		1		1		1		1		1		1

		kBS(A)		0.712						24.00		Available Test Module Area		9.60		9.60		12.80		11.20		20.00		22.0		24.0		26.0		14.0		14.0		12.6		12.6		10.0		12.0		14.0		14.0								Available Test Module Area		26.00		37.33		50.67		63.00		80.00		99.00		113.29		155.00

		fBS		90.0%						6		#Test Module Ports		6		6		7		7		6		6		6		6		8		8		8		8		11		11		8		8								#Test Module Ports		6		5		4		4		4		3		3		3

		Eta_CD		0.26						66.6		A_cyl_blanket		43.2		43.2		43.2		43.2		66.6		66.6		66.6		66.6		48.1		48.1		48.1		48.1		55.6		55.6		60.9		60.9		17.7		17.7		21.7		A_cyl_blanket		66.6		89.9		116.7		147.0		180.8		218.1		247.1		336.2

		P_CD		28.6						86.00		T fueling rate		11.01		11.01		11.01		32.80		17.20		17.2		86.0		114.6		15.6		77.9		15.6		77.9		19.7		91.4		24.2		121.0				4.0		1.3		T fueling rate		114.61		167.18		233.29		315.34		406.08		503.53		576.37		384.53

		P_aux/P_CD		1.00						7.9%		fCS		7.9%		7.9%		7.9%		7.9%		7.9%		7.9%		7.9%				12.4%		12.4%		12.4%		12.4%		15.3%		15.3%		15.3%		15.3%

		P_aux		28.6						77.8%		fN		81.6%		81.6%		81.6%		81.6%		82.7%		82.7%		82.7%		82.7%		73.2%		73.2%		73.2%		73.2%		67.8%		67.8%		67.5%		67.5%								fN		82.7%		83.3%		83.8%		84.2%		84.5%		84.7%		84.8%		87.2%

		P_fusion		562.2						93.4%		FBR		97.9%		97.9%		97.9%		97.9%		99.2%		99.2%		99.2%		99.2%		87.9%		87.9%		87.9%		87.9%		81.3%		81.3%		81.0%		81.0%								FBR		99.2%		100.0%		100.5%		101.0%		101.3%		101.6%		101.8%		104.6%

		Q		19.655		((Beta_N*Ip*Bt)/(R0*e*2*mu0)*(1+alpha_N+alpha_T)/((1+alpha_N)*xnTotal*1.6e-16))				5.70		T consumption rate		0.23		0.23		0.23		0.70		0.14		0.14		0.68		0.91		1.89		9.45		1.89		9.45		3.69		17.08		4.60		23.01								T consumption rate		0.91		0.05		-1.27		-3.12		-5.46		-8.23		-10.45		-17.67

		P_alpha_target		112.439		((Beta_N*Ip*Bt)/(R0*e*2*mu0)/(xnTotal*1.6e-16))				4.67E+11		n/s/W		9.2E+10		6.43E+10		7.3E+10		2.3E+11		1.31E+11		9.2E+10		4.8E+11		9.7E+11		8.2E+10		4.2E+11		7.8E+10		3.9E+11		7.8E+10		3.9E+11		7.9E+10		3.9E+11								n/s/W		9.7E+11		1.4E+12		1.7E+12		2.1E+12		2.3E+12		2.5E+12		2.6E+12		3.2E+12

		fGW		0.80						20.0%		frad_core		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%				20.0%		20.0%		frad_core		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%

		xne		3.324E+20		(xnDT+4*xnHe+Zimp^2*fimp*xne)/xne				0.803		Q_fw		0.336		0.284		0.213		0.539		0.284		0.180		0.798		1.000		0.203		0.849		0.216		1.000		0.211		0.799		0.247		1.000				0.368		0.275		Q_fw		1.000		1.000		1.000		1.000		1.000		1.000		1.000		0.546

		ane		37.39		4.8E-43*Zeff*xne^2*(1+alpha_N)^2*Temp0^0.5*(1+alpha_T)^0.5*(2*PI()^2*R0^3*e^2*kappa)/(1+2*alpha_N+(alpha_T/2))				72.4%		frad_div		67.4%		69.4%		55.3%		73.8%		57.4%		43.7%		72.4%		71.4%		49.2%		75.6%		54.5%		77.5%		46.5%		73.7%		57.6%		80.3%				75.7%		68.5%		frad_div		71.4%		75.2%		78.3%		81.0%		82.5%		83.3%		83.6%		68.0%

		tau_p/tau_E		5.00						15.0		Q_div		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0				15.0		15.0		Q_div		15.0		15.0		15.0		15.0		15.0		15.0		15.0		15.0

		frad		0.360						0.0		P_elec gen		0.0		0.0		0.0		0.0		0.0		0.0		0.0		224.7		0.0		0.0		0.0		0.0		0.0		0.0		0.0		0.0								P_elec gen		224.7		327.5		456.2		615.0		791.4		981.8		1124.9		777.4

		xnHe		1.447E+19		20				0.00		Q_elec		0.00		0.00		0.00		0.00		0.00		0.00		0.00		1.00		0.00		0.00		0.00		0.00		0.00		0.00		0.00		0.00								Q_elec		1.00		1.38		1.74		2.05		2.29		2.48		2.57		3.16

		Zimp		4		R0*e/nrdiv				64.3		Annual Elec Cost		43.7		62.7		55.5		52.7		48.9		69.1		66.5		0.0		62.4		60.4		65.4		66.5		77.4		72.3		92.8		93.7

		fimp		0.06		Rminor				1.63E+05		Mass_CS		8.9E+04		8.86E+04		8.9E+04		8.9E+04		1.63E+05		1.6E+05		1.6E+05		1.6E+05		3.7E+05		3.7E+05		3.7E+05		3.7E+05		6.5E+05		6.5E+05		8.6E+05		8.6E+05

		xnDT		2.237E+20		(B36-0.5)*dr				1.10E+06		Mass_Outer		8.9E+05		8.87E+05		8.9E+05		8.9E+05		1.10E+06		1.1E+06		1.1E+06		1.1E+06		9.7E+05		9.7E+05		9.7E+05		9.7E+05		1.0E+06		1.0E+06		1.2E+06		1.2E+06

		xnTotal		5.905E+20		(B37-0.5)*dr

		Temp0		18.52		(B38-0.5)*dr				-0.000

		Tempavg		10.29		(B39-0.5)*dr				2.220E-15

		Tavg_ndw		9.26

		E_nbi		400.00

		alpha_nbi		1.00

		Qtc_15		1.98

		ptc		0.51

		Fprof		1.13

		P_fusion_tc		25.09

		ftcest		4.5%

		Eta_CD(<Te>)		0.26

		Zeff		1.81		(B40-0.5)*dr

		P_Brem		40.466		(B41-0.5)*dr

		nrdiv		20		(B42-0.5)*dr				dens		dv		rdtcgs		exparg		svdt		power		sum		pnbi		Qtc		P_tc

		Qnbi0		0.6						2.79542717971972E+20		0.222		139771358985986		-35.5004699253		3.82244993995646E-16		4.181828413		0.9286423225		0.1429250759		2.1974906437		0.1570382585

		dr		0.05		(B43-0.5)*dr				2.79192413126057E+20		0.666		139596206563029		-35.5082597831		3.79278927476824E-16		4.1389861654		3.6860278575		0.4266300108		2.1919206234		0.4675695597

				Rminor		(B44-0.5)*dr		Tikev		2.78487820978077E+20		1.110		139243910489038		-35.5240794677		3.73326064803565E-16		4.0534867922		8.1867378545		0.7038992951		2.1807389191		0.7675102939

		1		0.025		(B45-0.5)*dr		18.5044941023		2.77420798215133E+20		1.554		138710399107567		-35.5484245923		3.6434713530884E-16		3.9257390578		14.289152763		0.9704424948		2.163860612		1.0499511454

		2		0.075		(B46-0.5)*dr		18.4119137691		2.7597866595532E+20		1.999		137989332977660		-35.582079672		3.52289049464501E-16		3.7564550937		21.7967847225		1.2219691762		2.1411542022		1.3082122183

		3		0.125		(B47-0.5)*dr		18.2267531026		2.7414359967147E+20		2.443		137071799835735		-35.6261731785		3.37092878199331E-16		3.5467766035		30.4605920115		1.4541889056		2.1124362331		1.535940667

		4		0.175		(B48-0.5)*dr		17.949012103		2.71891716167375E+20		2.887		135945858083687		-35.6822618205		3.18706256783479E-16		3.2984551039		39.9827677619		1.662811249		2.0774633301		1.7272146974

		5		0.225		(B49-0.5)*dr		17.5786907701		2.69191747685241E+20		3.331		134595873842620		-35.752456451		2.97101913449469E-16		3.0140952228		50.0226932853		1.8435457728		2.0359207901		1.8766565832

		6		0.275		(B50-0.5)*dr		17.115789104		2.66003126044121E+20		3.775		133001563022061		-35.8396102158		2.72304645036549E-16		2.6974696454		60.2059748291		1.9921020431		1.987406354		1.9795581291

		7		0.325		(B51-0.5)*dr		16.5603071047		2.62273187320671E+20		4.219		131136593660336		-35.9476038753		2.44429713828104E-16		2.3539098338		70.1377227397		2.1041896261		1.9314069641		2.0320232487

		8		0.375		(B52-0.5)*dr		15.9122447721		2.57933010156978E+20		4.663		128966505078489		-36.0817895078		2.13736119159469E-16		1.9907641362		79.4214284815		2.175518088		1.8672648869		2.0311342683

		9		0.425		(B53-0.5)*dr		15.1716021064		2.52891035803085E+20		5.108		126445517901543		-36.2497046501		1.80697980904991E-16		1.6178870767		87.6848195328		2.201796995		1.7941270092		1.9751517288

		10		0.475		(B54-0.5)*dr		14.3383791074		2.4702290313366E+20		5.552		123511451566830		-36.4622736206		1.46095139999567E-16		1.2480679981		94.6136593241		2.1787359133		1.7108662043		1.8637628211

		11		0.525		(B55-0.5)*dr		13.4125757752		2.40154432229987E+20		5.996		120077216114994		-36.7359447722		1.11117355732612E-16		0.8972038864		99.9931006355		2.1020444092		1.6159536446		1.6984031621

		12		0.575				12.3941921098		2.32031267006736E+20		6.440		116015633503368		-37.0967755937		7.74595666988493E-17		0.5838430596		103.7530014055		1.9674320487		1.5072387486		1.4826949096

		13		0.625		P_Brem/P_alpha		11.2832281111		2.22259985698496E+20		6.884		111129992849248		-37.5890136475		4.73476896959434E-17		0.3274533158		106.0072060998		1.7706083982		1.3815389902		1.2230822693

		14		0.675		frad-C57		10.0796837793		2.10179953956033E+20		7.328		105089976978016		-38.2956194113		2.33573629138358E-17		0.1444556156		107.0658030362		1.5072830238		1.2337884134		0.9298341653

		15		0.725		2*PI()^2*R0^3*e^2*kappa		8.7835591142		1.94533268812351E+20		7.772		97266634406175.3		-39.3977226667		7.75865509934563E-18		0.0411057192		107.3852895708		1.1731654918		1.0549685998		0.6188263781

		16		0.775		3/4/mu0*0.000001*((Beta_N*Ip*Bt)/R0/e)*vol		7.3948541159		1.72341180125649E+20		8.216		86170590062824.3		-41.4122690002		1.0348564006328E-18		0.0043031477		107.4206461499		0.7639653682		0.8255956078		0.3153632263

		17		0.825		0.0562*Ip^0.93*R0^1.97*e^0.58*Bt^0.15*kappa*0.78*ane^0.41*2.5^0.19/(P_alpha*(1+5/Q-frad))^0.69		5.9135687844		1.3179315064607E+20		8.661		65896575323034.9		-47.2002455835		3.17098215952211E-21		0.0000077109		107.4207129312		0.2753922194		0.4797102743		0.0660542386

		18		0.875				4.3397031197				88.826												28.6386456051				25.1059819684

		19		0.925		Tau_e*HH		2.6732571217

		20		0.975		Hcordy*P_alpha*(1+5/Q-frad)/Wtot*Tau_e		0.9142307905

		P_alpha		112.439

		fTC		4.5%

		difcalc(P_alpha)		-0.000

		fradcalc		0.360

		difcalc (frad)		2.220E-15

		vol		88.83

		Tauslow_alpha		0.048

		Fprof_alpha		1.667

		P_alpha_avg		1.266

		W_alpha		0.102

		Beta_T_alpha		2.6%

		Tauslow_nbi		0.096

		Fprof_nbi		1.392

		Fcorr_nbi		0.640

		P_nbi_avg		0.322

		W_nbi		0.028

		Beta_T_nbi		0.7%

		Wtot		129.48

		Tau_E		0.715

		HH		1.800		P_alpha*5/Q

		Tau_E*HH		1.287		(0.525+0.5*alpha_N)*SQRT(e)*Beta_P

		Tau_E_89		0.287				2.4959796058

		HH_89		4.493

		frad_core_min		0.200

		P_sol		80.461

		lambda_mid		0.010

		Flux Expansion		7.500

		lambda_div		0.075

		frad_div		0.724

		P_div		22.191

		Q_div w/o enhanced core rad		15.000

		Q_div		15.000

		P_sol_rad		80.461

		P_line		20.115

		A_plasma		83.75

		A_fw		150.80

		frad_core		0.200

		P_fw		60.581

		Q_fw		0.803

		Xnwall		5.37

		Qn_wall		2.98

		Qn_tm		5.00

		eo2		0.3333333333		(xne*R0*Ip*(1-fBS))/1e20/Eta_CD

		e1		1.234318073		P_CD/P_aux

		e2		0.0769055339		P_aux*Q

		e3		0.9414111136		Wtot/C63

		e4		0.7442094032

		e5		0.05

		Eta_neo		6.10E-03

		P_loss		100.6

		Tau_J		45.9

		a1		0.807360219

		a2		0.554180534

		a3		1.661399177

		a4		0.1533333333

		ls		0.1348381445

		m		0.2468142883

		Li		0.1

		Lext		0.016

		FluxFactor		0.009

		T_flat		5

		C_ejima		0.25

		Psi_OH (axial)		11.00

		Psi_OH (Poynting)		11.39						0.079		3.000		3.200		3.400		3.600		3.800		4.000

										1.300		0.053		0.053		0.054		0.054		0.055		0.055

		P_LtoH		7.99						1.400		0.066		0.067		0.068		0.069		0.069		0.070

		fN		77.8%						1.500		0.079		0.080		0.081		0.081		0.082		0.082

		Nu_conversion		0.35						1.600		0.090		0.091		0.092		0.093		0.094		0.094

		BEM		1.20						1.700		0.100		0.102		0.103		0.103		0.104		0.105

		Gen Elec?		No						1.800		0.110		0.111		0.112		0.113		0.114		0.115

		P_elec gen		0.00						1.900		0.118		0.120		0.121		0.122		0.123		0.124

		P_bop		20.0						2.000		0.126		0.128		0.129		0.130		0.131		0.132

		Nu_Paux		0.45						2.100		0.134		0.135		0.137		0.138		0.139		0.140

		P_aux_input		63.6						2.200		0.141		0.143		0.144		0.145		0.146		0.147

		∑P_elec input		332.2						2.300		0.147		0.149		0.151		0.152		0.153		0.154

		P_net elec		-332.2						2.400		0.153		0.155		0.157		0.158		0.159		0.161

		Q_elec		0.00						2.500		0.159		0.161		0.163		0.164		0.165		0.167

		N_flux		1.55E+20						2.600		0.165		0.167		0.168		0.170		0.171		0.172

		n/s/W		4.67E+11						2.700		0.170		0.172		0.174		0.175		0.176		0.178

		Avogardro's No		6.02E+23				atom/mole		2.800		0.175		0.177		0.179		0.180		0.181		0.183

		W/DT reaction		17.586				MeV/atom		2.900		0.179		0.181		0.183		0.185		0.186		0.187

				1.60E-19				Joule/eV		3.000		0.184		0.186		0.188		0.189		0.191		0.192

				2.81E-12				Joule/atom

		Atomic Weight T		3				gram/mole				85.962

		Weight per T atom		4.98E-24				gram/atom

		Yield		5.65E+11				Joule/gram

				5.65E+08				MJ/kG

				6.54E+03				MW-day/kG

		T fueling rate		86.0				g/day

		TBR		1.2

		FBR		93.37%

		T breeding rate		80.3				g/day

		T consumption rate		5.7				g/day

		Availability		30.00%

		Op Days/year		109.5				days/year

		T fueling rate		9.42E+00				kG/yr

		T Breeding rate		8.79E+00				kG/yr

		T consumption rate		6.24E-01				kG/yr

		Demand Cost		10				$/kw-month

		Energy Cost		0.06				$/kw-hr

		Demand		332164.6				kw

		Annual Elec Cost		64.3				$M
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Sheet1

		alpha_n		0.25

		alpha_T		0.25

		0		1		1		0

		0.1		0.9974905699		0.9974905699		0.1

		0.2		0.9898464008		0.9898464008		0.1994987437

		0.3		0.9766981117		0.9766981117		0.2974783334

		0.4		0.9573479717		0.9573479717		0.3928722536

		0.5		0.9306048591		0.9306048591		0.4845237675

		0.6		0.894427191		0.894427191		0.5711263078

		0.7		0.8450697266		0.8450697266		0.6511263078

		0.8		0.7745966692		0.7745966692		0.7225405921

		0.9		0.6602195804		0.6602195804		0.7825405921

		1		0.0001220703		0.0001220703		0.8261295816

		peaking factor		1.21

		WONG///

		A		1.20		1.40		1.60		1.80		2.00

		e		0.83		0.71		0.63		0.56		0.50

		kappa(A)		3.37		3.04		2.80		2.61		2.46

		Beta_N(A)		9.1%		8.0%		7.2%		6.6%		6.2%

		I/aB		10.7		7.2		5.2		4.0		3.1

		Beta_T		97.1%		57.8%		37.7%		26.3%		19.3%

		Beta_P		130.9%		142.6%		153.5%		163.6%		173.2%

		Cbs		0.84		0.83		0.83		0.82		0.82

		Kbs		1.17		1.17		1.17		1.17		1.17

		fbs		90.0%		90.0%		90.0%		90.0%		90.0%

		qcyl		2.41		2.54		2.65		2.74		2.81

		qcyl (A)		2.41		2.54		2.65		2.74		2.81

		MENARD///

		kappa(A)		3.93		3.61		3.38		3.20		3.06

		Beta_N(A)		8.7%		8.7%		8.3%		7.8%		7.4%

		Beta_T(A)		87.5%		73.3%		59.4%		47.8%		38.7%

		Beta_P		179.6%		182.8%		181.1%		181.0%		183.7%

		I/aB		10.01		8.39		7.14		6.10		5.22

		Cbs		0.85		0.84		0.84		0.83		0.83

		Kbs		1.47		1.38		1.27		1.19		1.14

		Kbs(A)		1.48		1.37		1.27		1.20		1.14

		fbs		99.0%		99.0%		99.0%		99.0%		99.0%

		qcyl		3.42		2.99		2.72		2.57		2.48

		qcyl (A)		3.42		2.99		2.72		2.57		2.48

		qcyl(A) Menard		3.54		2.94		2.72		2.63		2.58

		A		1.2		1.4		1.6		1.8		2

		kappa(A) - Wong		3.37		3.04		2.80		2.61		2.46

		kappa(A) - Menard		3.93		3.61		3.38		3.20		3.06
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		e		0.83		0.71		0.63		0.56		0.50

		kappa(A)		3.37		3.04		2.80		2.61		2.46

		Beta_N(A)		9.1%		8.0%		7.2%		6.6%		6.2%

		I/aB		10.7		7.2		5.2		4.0		3.1

		Beta_T		97.1%		57.8%		37.7%		26.3%		19.3%
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		Kbs		1.47		1.38		1.27		1.19		1.14
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