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I. INTRODUCTION 

To achieve the extremely high temperatures required by a magnet­

ically-confined fusion reactor plasma, a heating method in addition 

to ohmic heating will be necessary. Currently, the most promising 

method appears to be neutral beam heating. A beam of high energy deu­

terium atoms, almost all of which are in the neutral state, is shot 

into the plasma, colliding with the plasma ions, causing the plasma 

temperature to increase. Nearly all of the neutral beam energy will be 

absorbed by the plasma, but the remaining fraction will impinge upon 

the first wall of the reactor vessel. This energy flux, even after it 

has been attenuated by the plasma, may still be high enough to cause 

excessive melting and/or thermally-induced cracking of the first wall, 

which would limit the frequency of beam pulses and would require fre­

quent replacement of the first wall. In the event of a "fault" condi­

tion, during which the neutral beam is fired while little or no plas­

ma exists in the reactor vessel, the consequences would be even more 

serious. Finally, since the beam will probably be fired every few hun­

dred seconds, thermal fatigue may be a concern. For the above reasons, 

protection of the first wall against neutral beam impingement will be 

necessary. 

Unfortunately, more must be considered than the thermal aspects 

In the design of the armor. The environment in the reactor vessel will 

be extremely severe. Surface effects, including sputtering, blister­

ing, evaporation, and photo-decomposition, will not only cause erosion 

of the armor, but will also send armor particles into the plasma; a 

fusion plasma can endure only a very small percentage of impurities 
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if it is to achieve ignition and Lawson's Criterion. In addition, 

neutron irradiation will alter the thermal and mechanical properties 

of the armor, usually in a degrading manner, and may cause the forma­

tion of voids and gas bubbles in the armor, limiting its useful life­

time. 

Studies of various design proposals for protection of the first 

wall have been done in the past. Thermal analysis has also been 
7 8 

done for calorimeter targets for neutral beams ' and for fusion reac­

tor surfaces in general. However, most of these studies have not 

considered the effects of erosion, plasma impurities, and neutron 

irradiation damage, and do not compare the proposal under considera­

tion to other options in a detailed manner. In addition, most of these 

studies present only a cursory thermal and structural analysis, and 

in Ref. 2 a two-dimensional, rather than a one-dimensional, thermal 

analysis should have been employed. 

Here, various design options for protection of the first wall of 

both a near-term device, TFTR, and a fusion power reactor are studied 

and compared for thermal, structural, and material performance. A 

brief comparison of materials is made to allow selection of two mater­

ials for analysis. The maximum temperatures and stresses reached by 

the design are calculated using both analytical solutions and the 

TRUMP and SAP IV computer codes. Erosion rates due to surface effects 

and the plasma impurity fraction are estimated. Neutron irradiation 

damage is discussed. Finally, some conclusions are made about the 

nature of the first wall protection. 

It is found that while radiation-cooled armors should be adequate 

for near-term devices, some form of covective cooling will be necess-
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ary for fusion power reactors. The prevention of fault conditions is 

shown to be extremely important to the feasibility of a design for 

first wall protection. Graphite and tungsten are chosen as the mater­

ials for analysis because of their desirable characteristics. When 

possible graphite should be employed, because of its lower cost and 

higher plasma impurity limit. In near-term devices, erosion and neu­

tron irradiation damage should not present themselves as problems. 

For fusion power reactors, erosion rates will be high, but neutron 

irradiation damage will probably be the lifetime-limiting factor for 

the first wall protection. Silicon carbide may turn out to be better 

than either tungsten or graphite because of its better resistance to 

neutron irradiation damage. Use of tungsten in fusion power reactors 

while directly exposed to the plasma, may cause serious plasma impur­

ity problems, while graphite should cause no concern for impurities. 



II. DESIGN GOALS 

A 

If an armor is to be useful, it should meet as many of the follow­

ing design goals as possible: 

1) Armor lifetime comparable to that of the first wall 

2) Low cost 

3) Easy fabrication and welding 

A) Easy repair and replacement 

5) Plasma impurity fraction shouldn't prevent the attainment 

of ignition or Lawson's Criterion 

6) First wall should be protected from damage due to neutral 

beam strikes. 

These goals imply several things about the nature of the first wall 

protection. 

The armor should not be allowed to melt. Melting can be serious 

both from an erosion viewpoint and from an impurity viewpoint, besides 

causing damage to the first wall. If melting should occur to even a 

very small extent during an attenuated beam strike, melting would 

continue to occur during all successive beam strikes, and a hole may 

develop in the armor, exposing the first wall. Melting causes very 

high evaporation rates in many materials, causing rapid erosion rates 

and possibly high impurity fractions. In addition, evaporated impuri­

ties may gradually coat the first wall, making startup difficult even 

if the plasma and impurities are periodically flushed from the reactor 

vessel. In addition to limiting the lifetime of the armor, erosion 

reduces the structural integrity of the armor. The above considera­

tions hold for the fault condition as well, but since this should oc-
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cur very rarely, small amounts of melting might turn out to be per-

missable for a faulted beam strike. 

The armor should not be allowed to crack due to thermally-induced 

short-time rupture. Cracks formed during the attenuated strike will 

propogate during successive strikes, and eventually small chunks of 

armor may be flaked off, which is bad from an erosion and impurity 

viewpoint. Also, the first wr.ll might become exposed if the cracks 

propogate through the armor. If coolants are used, even very tiny 

cracks become a cause of concern. Cracking may reduce the effective 

thermal conductivity of the material. Very small cracks might be al­

lowed during a fault condition if coolants aren't being employed, 

but since it would be hard to tell what effect these cracks would 

have on successive attenuated strikes, this cracking should also be 

avoided. 

Fatigue and/or creep may seriously limit the lifetime of the ar­

mor, so materials with a long fatigue and creep life should be used. 

Materials should be used that do not erode too rapidly due to sur­

face effects. That is, they should have low sputtering and blistering 

yields. Damage due to neutron irradiation should be minimized, imply­

ing the need for materials with low neutron absorption and scattering 

cross sections. To minimize the effect of impurities in the plasma, 

low atomic number materials should be used (See Section VII.). The 

matcrinla shourf bo easily machined und wolded, should bo available to 

a large extent as mineral resources in the earth, and should be low 

cost. 

Finally, the geometry of the design should be as simple as possi­

ble. Complex geometries not only result in higher stresses generally, 
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but also increase the cost of the armor. 

For some fusion devices, such as TFTR, the weight of the armor 

may also be a consideration. 
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III. MATERIALS 

Of course there may be no material which is capable of meeting 

all of the design goals. One should then search for a material which 

is capable of meeting as many of the above design goals as possible. 

Desirable characteristics of such materials include: 

1) high melting temperature 

2) good resistance to thermal shock 

3) high thermal dlffusvity and eraissivity 

4) good high temperature performance 

5) low evaporation rates 

6) high yield, tensile, and compressive strengths 

7) long fatigue and creep life 

8) low cost 

9) easy fabrication and welding 

10) large amounts of mineral resources 

11) low sputtering and blistering yields against H , D T ,n 

12) low atomic number 

13) no chemical reactions with hydrogen 

14) no corrosion due to common coolants 

15) low neutron and photon scattering and absorption cross 

sections 

16) low solubility for hydrogen and helium 

17) large amounts of data available on the performance of 

the material under the conditions of interest. 

The best material for the job is likely to be be either a low-Z 

ceramic or refractory material, such as graphite or silicon carbide, 
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or a refractory metal, such as tungsten or molybdenum. Many low-Z 

refractory ms. .erials have good resistance to thermal shock, have good 

high-temperature thermal and mechanical performance, have fair ther­

mal conductivities, and high melting points. They are low cost, are 

highly available in the earth, and because of their low atomic number 

they have a relatively high plasma impurity limit. On the other hand, 

they tend to have high sputtering yields, low yield and fracture 

strengths, low ductility, many react chemically vith hydrogen, and 
g they generally aren't easily fabricated and welded. Refractory metals 

generally have good thermal shock resistance, high melting points, 

high thermal conductivities, high strength, fairly long fatigue and 

creep lives, low sputtering yields, undergo little or no chemical re­

actions with hydrogen, have good corrosion resistance, and_ low solu­

bility for hydrogen. However, they have a high cost, are relatively 

scarce in nature, are not easily fabricated, and have relatively high 

atomic numbers. Other materials should also be considered that don't 

fall into either of the above two categories. For example, copper has 

a very high thermal conductivity. Stainless steel combines the quali­

ties of high strength, low cost, and easy fabrication. 

Table I lists several of the candidate materials, their physical 

and mechanical properties, qualities of interest, and several figures-

of merit which provide a rough comparison of the performance of the 

materials. 

The thermal shock parameter is related to the ratio of the tensile 

strength of the material to the thermal stress developed in the raater-

ial. It is given by 
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TABLE I 

Properties and figures-of-merit for various materials. 

Property A1 20 3 BeO Cr Cu C Mo Monel Nb SiC 

k(W/m/°K) 4.1 20.0 91.3 394 180 132 21.7 5° 173 

crU/lcR/0K: 1050 2180 461 386 721 257 423 270 680 

P (kg/m3) 3960 3000 7100 8960 2159 10213 S830 8570 680 

* (IO-6/°K: 9.0 7.5 6.5 17.0 2.6 5.2 13.9 7.02 5.94 

E(GN/m2) 345 289 279 117 11.7 329 179 103 
4 1 4 

V 0.25 0.30 0.26 0.34 0.23 0.33 0.32 0.38 0.26 

TIP 1 r. 2323 2823 2123 1356 3873 2883 1605 2688 2973 

„ .. (MN/m: 

0 tetisv ) 172 103 414 188 20.7 882 1103 331 172 

x (MN/m C compv •) 276 138 34 1379 

Fabricatio l Easy Easy Easy Avg. Hard Easy Hard Avg. 

Atomic # 10 6 24 29 6 42 28 41 10 

_ Cost- Low Low Low High Low Avg. Low 

, Availabili :v Hish Low Avg. Avg. High Low Avg. Avg. High 

S D + (10 ke 0 0.01 J 0.00 > 0.065 0.05 0.062 0.008 0.01 ) 

S„p+(3 kev 0.01 1 0.05 0.25 0.09 0.065 0.001 

S (14.1 Mev 
-•• X I - » 

0.039 io- 4 io~3 ID" 4 

p-iO fV>rr- No No Littl ? Littl 2 Litt 

Chem. Sput No No No Yes 

Emnissivi •y 0.8 

k/pcClO - 5 2 x ) -95 i 3.06 2.79 11.3 11.6 5.03 0.58 2.16 8.21 

., Wri-i/l h.M T.tO ?.4<5 3.01 .132 2.55 3.66 1.16 3.3: -.. 
T 1724 664f > 1540 3 2460C ) 27270 45600 6540 14267 8963 

F 2.67 2.8? > 3.22 4.0 5.99 4.82 1.18 2.58 5.12 „ 



10 

TABLE I (CONT.) 

Property SS304 Ta Ti V W B4C Si 3N 4 TaC 

k(W/m/°K) 19 57 16 31.6 165 26 10.4 34.6 

cp(J/kg/°K) 502.1 142 528 498 135 920 1050 167 
3 

^ (kg/m ) 7900 16600 4500 6100 19295 2510 3180 14400 

^ao"6/°K> 17.3 6.5 8.9 8.3 4.7 4.7 2.6 6.6 

E (GN/m2) 193 186 116 14.7 40.7 448 55.2 283 

V1 0.3 
I 

0.35 0.33 0.35 0.28 0.21 ( .10 0.2 

rftenfi(MN/m2' 579 483 873 345 1930 296 109 

A (MN/tn2 

*̂  rrvmn — 

2854 552 

TmQic('0K') 1700 3253 1940 2175 3643 2721 2173 4149 

Fabrication Easy Avg. Hard Avg. Avg. Avg. 

Atomic # 26 73 22 23 74 4.6 10 43 

Cost Low High Low Low High 

. Avai.Lahilit r Av£. Low Hish High Low High High Low 

s D+ n n kpv 1 0.053 .0042 0.039 0.024 .0008 > 

S H Q + (3 kev i 0.17 

S_ (14.1 Me ') 

H?0 Corros. No No Yes Littl Littl 3 

.Chem_...Splits No Yes Yes 

Emissivity 0.46 0.3 

k/fc .479 2.42 .673 1.0 '1 6.33 .998 .311 1.44 

<\E/(1-H) 4.77 1.8 5 1.54 .18S) 2.66 2.66 .159 2.33 

T 2306 14802 9070 57989̂  1197C )3 2893 7129 

P. .. i 1.22 3.43 1.02 1.84 6.9! > 1.88 1.11 3.52 
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where 6« is the tensile strength, V is Poisson's ratio, u is the 

coefficient of thermal expansion, E is Young's modulus, and k is the 

thermal conductivity. The maximum temperature change iT in an 

uncooled, semi-infinite plate due to a uniform heat flux q" upon its 

surface is given by 

* T m a x = if" tkt/^^c)'4 = 2q" (t/i^kc) 4 

where t is the duration of the heat flux, P is the density of the 

plate, and c is the specific heat of the plate. Assuming that the 

initial temperature of the plate is 293 K and the plate's melting 
7 point must not be exceeded, we arrive at F 

F= ( T m e l t - 2 9 3 > < k ? C > 

A crude estimate of the maximum thermal stress which develops in such 

a plate is given by 

max ° max (1-v) 

Thus, a comparison of the strengths of materials may be given by 

S (1-V) 

It appears that tha two best materials listed are tungsten and 

graphite; I will use these two materials for calculating the maximum 

temperatures and stresses attained in the armor design proposals. It 

may turn out that neither tungsten nor graphite is the optimum mater­

ial for the job (graphite, for example, may erode too rapidly due to 

chemical sputtering), but these two materials will provide a good 

standard of comparison. 
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IV. DESIGN OPTIONS 

Keeping the design geometry as simple as possible is Important. 

As the geometry becomes more complex, the armor would become more 

difficult to fabricate and the cost would increase. Simple geometries 

are easier to analyze and generally yield more accurate results. 

Complex geometries may cause higher stresses due to higher stress 

concentration factors. 

The design geometries considered are listed below and discussed; 

IV.A. Free Plate: The main design advantages associated with a simple, 

free plate are easy fabrication, repair, replacement, and low cost. 

Analytical solutions for the temperature distributions and thermal 

stresses in the plate may be easily obtained using certain approxima­

tions. Stress concentration factors may be estimated with accuracy. 

If necessary, the plate could be cooled on the backside (the side not 

exposed to the heat flux). This backside cooling system wouldn't be 

exposed to either the neutral beam flux or the plasma flux, giving it 

a much longer life than the armor plate. The cost of the component 

would increase, however, with backside cooling. 

IV.B. Cubes-on-plate or slotted plate: Because the thermal stesses 

are generally reduced as the geometry dimensions transverse to the 

temperature gradient are reduced, two similar modifications of the 

free plate were considered: 1) small, closely-spaced cubes brazed 
2 onto a backing plate , not necessarily of the same material as the 

cubes and 2) a free, slotted plate. While the thermal stresses may 

be reduced, several disadvantages are introduced using this method. 

For one thing the cost will undoubtedly increase because of the extra 
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tasks involved (brazing, slotting, placing the cubes very close to­

gether). Secondly, the maximum temperature reached using this type 

of armor may actually be higher than for the plate. In figure 1 one 

can see that on a small volume on the edge of the cube, a greater 

amount of heat flux will be entering the volume than the rest of the 

surface of the cube, or than the surface of a plate. A two-dimensional 

temperature analysis will be necessary in this case. (Note that the 

neutral beam impinges upon the armor at an angle of 45 .) One option, 

to avoid this unfortunate aspect, is to make the parallelepipeds 

sucessively larger, as shown in figure 2, but this would increase the 

cost of the armor further and probably wouldn't be worth the effort 

anyway. As with the free plate, this design has the option of back­

side cooling. 

IV.C. Wedged Surface: An armor with a sawtoothed type of surface has 

the particular purpose of reducing the normal heat flux upon the sur­

face of the material. See figure 3. The normal heat flux varies as the 

cosine of the angle between the direction of the impinging heat flux 

and the normal to the surface of the armor. Unfortunately, one can't 

simply make this angle as large as possible. As the angle of the wedge 

becomes larger (as the tip becomes sharper) fabrication becomes more 

difficult. Also, in the small volume near the tip of the wedge, the 

amount of incoming heat flux is greater than thac entering the rest 

of the wedge, where the heat may diffuse through a relatively larger 

area. Thus, although the normal heat flux is being reduced, the area 

that this flux may diffuse through is also being reduced. In addition, 

the sputtering yield of materials varies as (cos <S ) , where 6 is the 

angle between the surface normal and the direction of the striking 
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particle, (See Section VII.) where n is somewhere between 1 and 2, 

for a £.70 . This means that for a high value of 8, the sputtering 

yield will be significantly increased. This type of armor may also be 

cooled on the backside, and may also be internally cooled. (See fig. 

4) Internal cooling, however, will introduce design complexities 

discussed in Appendix B. 

IV.D. Cylindrical Tubes; Internally coaled: This geometry is simple, 

will achieve much lower temperatures and stresses than uncooled des­

igns, and, since it expected to rapidly approach steady-state, it will 

allow DC operation of the neutral beam, as is anticipated for fusion 

power reactors. Rough estimates of the maximum temperatures and stres­

ses can be made using certain approximations. However, to achieve the 

lower temperatures, the thickness of the tube will have to be very 

thin (Almm) and this may not be allowable due to sputtering erosion 

considerations, particularly in view of the fact that the sputtering 

yield will increase with angle & . The usual "coolant considerations" 

in Appendix B must be made. Good contact between the coolant and tube 

may be assumed using cylindrical geometry. 

IV.E. Internally-cooled Rectangular Ducts: (See fig. 5) The principal 

advantage with this design in comparison to the tube design is that 

there will be no sputtering yield increase over the exposed surface 

of the component. However, it may resi'ltin higher temperatures than 

the tube because 1) the heat flux will not be decreased (due to vary­

ing surface normal angle as with the tube) and 2) the shaded area in 

fig. 5 is slightly more removed from the coolant than the rest of the 

surface and will reach higher temperatures. Heat transfer will prob­

ably be less efficient with rectangular passages, but since the cool-
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ant flow will be highly turbulent, this effect shouldn't be signifi­

cant. This design retains simplicity. The additional coolant consid­

erations must be made. 



V. THERMAL ANALYSIS 

V.A. Reference Case; To compare the different designs as cocisely as 

possible, two reference neutral beam conditions were used, one for 

near-term devices and the other for fusion power reactors. Variations 

from the reference conditions are given in the second part of this 

section. The two reference conditions are shown below: 

EXPERIMENTAL REACTOR 
(TFTR) 

POWER REACTOR 

MAXIMUM POWER FLUX 10 KW/CM" 10 KW/CM2 

IMPINGEMENT ANGLE 45° 45° 
PLASMA ATTENUATION 96% 98% 
(NORMAL OPERATION) 

AMBIENT TEMPERATURE 350°K 1000°K 

BEAM PULSE TIME 500 msec STEADY-STATE 

CYCLE TIME 300 sec 500 sec 

PLASMA POWER FLUX NEGLIGIBLE 0.3 KW/CM' 

The maximum power flux wasn't increased for the power reactor the 

neutral beams for such reactors will be spread over a larger area by 

the time it hits the vessel wall in comparison to TFTR, because of 

the larger dimensions of the vessel, although the beam will be of 

greater total power. The larger dimensions of the power reactors will 

also cause greater attenuation of the beam by the plasma. The vessel 

wall temperatures in power reactors is expected to be in the range of 

500-1000°C. Finally, while the neutral beam for power reactors may 

not actually be on continuously, a steady-state temperature distribu­

tion rapidly develops in cooled designs. 



V.B. Maximum Temperatures Attained By Designs; 

V.B.I. Free Plate: For a uniform surface heat flux onto a plate of 

thickness L, assuming that no heat is lost through thermal radiation, 

and that no heat flows over the back surface, the solution for the 

one-dimensional temperature distributionin the plate is giv'en by 

T(x.t)- T o + - ^ - l{^rfc[ 2 f T - j + xerfc J - E j i ^ - j ^ 

where T is the initial temperature, F is the heat flux, K Is the 

thermal diffusivity, k is the thermal conductivity, t is the duration 

of the heat flux, and x is the distance from the backface. (The ther­

mal diffusivity is given by k/p c where r* is the density and c is the 

specific heat.) Since the range of the neutral beam particles is ex­

pected to be just a few microns, the neutral beam may be approximated 

as a surface heat flux. By assuming an adiabatic backface, we've as­

sumed that the plate is thick enough that there is no temperature 

gradient at the backface. This approach is applicable when u*l, where 

u is defined by 

Recognizing that the steady-state pulse would melt the uncooled armor, 

we will use a 0.5 sec pulse time in the above equation and physical 

properties at 1000 K. We find that the tungsten plate should be great­

er than or equal to 0.9 cm and the graphite plate should be greater 

than or equal to 0.6 cm. For convenience, I chose 1 cm as the thick­

ness of the plate. 

The maximum temperature in the plate will occur at the exposed 

surface, i.e. at x=L. Substituting this into the equation for the 
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temperature distribution, we get 

1.284F rrr 
AT = : o H * r 

max k 

Using F - F cos 45°= 7.071 KW/CM , t= 0.5 sec, and physical prop­

erties at 1000 K, we find that for the tungsten plate A T = 3183°K, 
r max ' 

and for the graphite plate A T • 3620 K. (See Appendix C for ther-

mal and mechanical properties vs. temperature for tungsten and graph­

ite.) Note that, although these temperatures are quite high, vaporiz­

ation should not occur to a large degree because the neutral beam 

will be on for only 500 msec at the most. (While 1000°K isn't the 

average temperature, properties at that temperature seem to be a good 

estimate of temperature-averaged properties.) The maximum temperature 

attained during attenuated pulses will, of course be much less than 

those found above. 

However, to be accurate we must consider the effects of thermal 

radiation and successive attenuated pulses followed by a fault condi­

tion. To calculate the temperatures approached by the plate after a 

series of pulses or cycles, the TRUMP Thermal Analysis Computer Code 

was used. (See Appendix A.) The maximum temperatures reached by the 

V'lace during the beam pulse and the temperatures reached at the end 

of the cycle are shown in figures 6a and 6b, graphed vs. the number of 

beam cycles. Then, TRUMP was used to calculate the temperature change 

due to an unattenuated strike on the armor, which was found to be 

3127°K for tungsten and 3507°K for graphite. One would expect melting 

if a fault condition should occur following a series of attenuated 

pulses, in view of the melting point of tungsten (3643 K), and the 

sublimation point of graphite (3873 K). 



V.B.2. Backside-cooled, Free Plate: If the reference case parameters 

are used, backside cooling will be necessary for a free plate in 

"experimental" reactors. The maximum temperature reached by the plate 

should be substantially reduced and thermal cycling analysis will not 

be necessary because the plate temperatures will rapidly approach 

the coolant temperature after the beam pulse has ended. However, the 

beam heat flux will not penetrate substantially into a 1 cm plate 

during the pulse of 0.5 sec. For longer pulse times the surface temp­

erature will have risen to such an extent as to make backside cooling 

ineffective. Thus, the thickness of the plate will have to be reduced. 

The temperature distribution in a plate exposed to a constant, 

uniform heat flux, F , at x=L, while the back face is kept at the 
10 initial temperature, T , is given by 

.P/ •.-> T ^ 2F ifivt € . ,.n f . J,(2n+l)L-x . , (2n+l)L+x I 
T ( x , t ) . T Q + - ^ k — ^ (-1) [xerfc 2 m - xerfc 2 ^ J 

Again, we would expect T to occur at x=L. Thus, 

T F L 8F L f e" ( 2 n + l ) 2 ^ t / 4 L 2 

A T = —p— - . o , ? 
max ~Y~ 1 V L (2n+l) (\-c 

2 
2 ^ ( 1 - 0.81e- K ^ t / A L ) 

F L One can easily see that as t-*«», *T —? -p— . Using various thick-max K. 

nesses and temperature-averaged properties, &T is listed in Table 
max 

II. Also shown are TRUMP calculations using a heat transfer coeffi-

cient between the backface and the coolant of 1.0 X 10 W/M - K, and 

a constant coolant temperature of 350 K, rather than a constant 

backface temperature. These TRUMP conditions should be much more 

representative of reality and should be used in preference to the 
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TABLE II 

T For Various Plate Thicknesses With Back Face Cooled max 

Thickness Tungsten Trump Graphite Trump 

5 mm 3536 °K 3000 7043 3645 
2 nun 1296 2000 2817 3150 

1 mm 556 1330 1204 2010 

F= 7.071 Kw/cm2 

t -+•<«> 

TABLE III 

T Vs. Thickness For Backside Cooled Plates, Using Different max 
Values of the Heat Transfer Coefficient 

h(W/m 2/°K)— 1.5 X 10 5 2.0 X 10 5 

Thickness Tungsten Graphite Tungsten Graphite 

1730 3050 1531 2699 

1 mm 1060 1740 930 1550 

F= 7.071 Kw/cm' 

t -*• eo 
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analytical solution. Increasing the heat transfer coefficient, by in­
creasing the coolant velocity or by employing swirl tubes, would de­
crease A T . For heat transfer coefficients of 1.5 and 2.0 X 10 

max 

W/M - K, TRUMP calculated the maximum temperatures shown in Table 

III. 

Backside cooling substantially reduces the temperatures in the 

free plate and will prevent melting of tungsten and graphite plates 

for a steady-state reference heat flux. Maximum allowable heat fluxes 

will be reviewed in the third part of this section. 

V.B.3. Cubes-on-plate or Slotted Plate: There is really no need to 

perform a t'.iermal analysis for the uncooled design for the TFTR or 

power reactor reference conditions since we already know by the free " 

plate analysis that melting will occur. Backside cooling will be re­

viewed here. 

\

For the reference condition, the thickness of the cubes or plate 

the main parameter of interest. It was assumed that the cubes were 

pjlted close enough together (or that the plate was slotted finely 

enougU) that only the top tenth of the thickness of one edge of the 
cube was exposed to additional heat flux. Using a steady-state refer-

ence heat flux upon the armor, h= 1.0 X 10 W/M - K, and a constant 

coolant temperature of 350°K, TRUMP calculated the A T for free r ' max 
plates oi similar thicknesses to 10-20% less than for this type of 

armor. Indeed, melting would still occur for the tungsten cube at a 
J 

thickness of 5 mm, but not at 2 mm. The temperature of the graphite 

armor would just exceed the sublimation point at a thickness of 2mm. 

In spite of these higher temperatures, this design still be :onsid-

ered useful if the thermal stresses are substantially reduced. 
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V.B.A. Wedged Surface; The maximum temperature for this design should 

be reached in the tip of the wedge. The main variations involved with 

this design are the angle of the wedged surface and the material com­

binations. For example, a tungsten tip might be brazed onto a copper 

base. The maximum temperatures ia ie tip and in the base material, 

if the base material is composed of a different material, are shown 

in Table IV, for the unattenuated reference heat flux and a 0.5 sec 

pulse. The height of the wedge was varied between 15-35 cm with no 

significant change in these temperatures. Note that the increase in 

angle causes an increase in T . Also, while copper significantly 6 max r. a J 

reduced T , it will still melt because of copper's low melting max 
point. The temperatures are. probably too high for a braze anyway. 

These temperatures are significantly high to abandon this design. 

This design is also more difficult to fabricate than the previously-

discussed designs. Backside-cooling was not considered; in view of 

these high temperatures, the height of the wedge would have to be 

reduced by an impractical degree. 

V.B.5. Internally-cooled Wedge: Many parameters need to varied with 

internal cooling. See Appendix B. However, there are a few limits 

that can be imposed in the design process. First, in consideration of 

the erosion calculations in Appendix D, the thickness of the wedge 

wall should be limited to greater than or equal to 0.3 mm. Since W 

appears to have the lowest sputtering yields of all materials, this 

limit should apply to other materials as well. Secondly, the coolant 

velocity should be less than or equal to 90 M/SEC. While increasing 

the heat transfer coefficient further (by increasing the coolant vel­

ocity further) would result in even lower temperatures, it would also 



TABLE IV 

Maximum Temperatures In Wedge Tip and Base, For Various Wedge 

Angles and Material Combinations. 

Angle 

Materials 45° 60° 80° 

W only 3800 4200 5000 

W on Cu 1900 (1900) 2200 (2200) 2600 (2600) 
C only 4300 5000 

_C on SiC 4300 (4300) 5000 (5000) 

T is in °K. 
Tip temperature is listed first; T for the base is listed in 

parentheses. 
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increase the pressure drop and the required pumping work by an even 

greater degree. The probability of burnout also increases with pres­

sure drop, but since high pressure is being used this consideration 

may not be significant. Very high velocities might cause high stres­

ses in the Cube wall, too. As mentioned, to prevent burnout I chose 

the pressure of the water coolant to be in the range of 1500-2000 

psi. This not only increases the saturation temperature, but increases 

the heat transfer coefficient as well. However, it also increases the 

stresses in the wedge wall. The length of the coolant passages for 

calculation purposes was chosen to be I m. Neutral beam diameters 

hitting the first wall aren't expected to exceed this. The equivalent 

diameter of the coolant passage is a variable, but diameters in the 

range of 8-12 mm was generally used in the calculations. While allow­

ing a smaller diameter increases the heat transfer coefficient, it 

decreases the mass flow rate. Larger diameters increase the mass flow 

rate, but decrease the design's structural integrity because of an 

increase in the hoop stress. 

The heat transfer coefficient, boiling crisis conditions, and 

general coolant considerations are discussed in Appendix B. 

For the unattenuated power reactor reference conditions and vari­

ous wedge and coolant characteristics, the maximum temperatures in the 

tip and the base of the wedge were substantially reduced (roughly by 

a factor of 1.5), but the temperatures for a circular tube were re­

duced by an even greater degree for similar conditions and heat trans­

fer coefficients (See below.), so the wedged surface design was to­

tally abandoned. 

V.B.6. Cylindrical Tube: Because of the complex nature of the analyt-
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ical solution that would be found if Fourier's Equation and the ap­

propriate boundary conditions were solved for, I chose to use only 

TRUMP to carry out the thermal analysis for the tube design. For var­

ious tube and coolant conditions, the unattenuated power reactor ref­

erence case produced the maximum temperatures in the tube shown in 

Table V. In several of the cases however, the burnout heat flux came 

very close to being exceeded. For example, in the case of V=» 30 M/SEC 

and a tube thickness of 0.8 mm and 1.0 mm, the burnout heat flux was 
2 calculated to be slightly greater than 7.0 KW/CM for tungsten and 

2 
slightly less than 7.0 KW/CM for graphite. Burnout was not achieved 
in any of the V= 60 M/SEC or V= 90 M/SEC cases. 

T is lowest for this design for all of the designs thus far max ° ° 

discussed. It was also found that the temperature difference across 
the thickness probably won't cause yielding of the tube, when added 
to the pressure stress. Finally, the increase in the mass flow due to 
an increase in the diameter apparently had an insignificant effect on 
the maximum temperature reached by the tube. Maximum allowable fluxes 
will be reviewed in the third part of this section. 
V.B.7. Internally-cooled Rectangular Ducts: As predicted th« maximum 
temperature for this design occurs in the upper corner of the paral-
lelepiDed. T was again calculated by TRUMP for various duct and 

r • max ° 

coolant parameters. The results are shown in Table VI. Although the 

maximum temperatures attained in each case here are slightly higher 

than for the tube under similar conditions, the difference is not 

overwhelming and this design should remain a viable alternative at 

this point. 
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TABLE V 

T For Tubes With Various Coolant and Tube Characteristics max 
(Unattenuated, Steady-State Heat Flux) 

Graphite Velocity (m/sec) 

30 60 90 
Thickness 

0.3 mm 1380 1150 980 

0.5 
i 

1680 1400 177? 
0.8 2652 * 2210 1685 

1.0 2800 * 2400 2050 

8 mm D 12 mm 

p= 2000 psi 

* Burnout heat flux exceeded or approximated. 

Tungsten Velocity (m/sec) 
> 

30 60 1—~~~ 
90 

Thickness 

0.3 mm 1074 935 880 
0.5 1220 1135 1005 

0.8 1450 1310 1191 
1.0 1860 It 1500 1351 
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TABLE VI 

T For Cooled Rectangular Ducts max 

Graphite Velocity (m/sec) 

30 60 90 
Thicknes3 

0.21 mm 1530 1184 1070 
0.45 1851 145.3 1295 

0.75 2220 * 1798 1625 

D «• 9.2 mm e 
p= 2000 psi 

* Burnout heat flux exceeded or approximated. 

Tungsten Velocity (m/sec) 

30 60 90 

Thickness 
0.21 mm 1300 1106 1000 

0.45 1491 1290 1147 

0.75 1625 * 1360 1229 
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V.C. Variations From The Reference Case: 

V.C.I. Free Plate: Since the uncooled plate will melt under an unat-

tenuated beam strike following a series of attenuated strikes, it is 

necessary to find conditions under which melting won't occur. These 

conditions may include a decreased heat flux, a decreased pulse, time, 

or both. 

The equation for *T in the semi-infinite plate is given by 

a T " : O I >< t 
max k ' 

Setting A T = T . - T , we can set an equation for allowable val-° max melt o' * n 

ues of the heat flux and the pulse time: 

(T , - T ) k (T . - T ) melt o melt o 
F ft- m e x c ° — = mej-c °- vTkT 
o ' 1.1284 flT 1.1284 ^ K ] [ 

Thus, we may graph F vs. the beam pulse time for various values omax 
of the initial temperature. This is shown in figures 7a and 7b. It 
would appear that the maximum allowable flux would be between 5.5 

2 2 
and 6.5 KW/CM for tungsten and 6.0 to 7.0 KW/CM for graphite. Using 
figures 6a and 6b, we can see that for tungsten the asymptotic temp-

2 erature at the end of the cycle for 0.24 KW/CM (6.0 X 0.04) is about 
650°K, and for 6.0 KW/CM the temperature rise is about 3000°K for a 

2 0.5 sec pulse time. Thus, at 6.0 KW/CM , the melting point for tung-
2 sten would just be exceeded. At 6.5 KW/CM , the sublimation point for 

graphite would not be exceeded. 

V.C.2, Cube-on-plate: For the uncooled cube or waffle type of design, 

the effect will be similar to that above, but the allowable heat flux 

will be lower. Since the maximum temperatures reached by the cube 
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armor is roughly 10-20% higher than for the plate, it seems reason­

able to assume that the maximum allowable heat flux for a particular 

pulse time would be roughly 83-91% (1/1.2-1/1.1) of F for the 
OluajC 

2 

plate. For example, a heat flux of 5.0 KW/CM was first used as an 

attenuated beam to get a temperature at the end of the cycle after 

many cycles for a tungsten cube. This turned out to be about 630 K. 

The unattenuated strike caused a temperature increase of 2850 K. Thus 
2 

melting would be avoided at 5.0 KW/CM .for a tungsten cube. The maxi­

mum temperature increase was 3350 K for 6.0 KW/CM . 

It would seem that lowering the heat flux and increasing the 

pulse time would be very beneficial to the performance of the armor. 

V.C.3. Backside-cooled, Free Plate: From the erosion calculations in 

Appendix D, a 1 mm thick plate should be adequately thick. I increased 

the heat flux on tungsten and graphite plates to find the maximum . 

allowable heat flux. Again, T = 350°K and h= 1.5 X 10 5 W/M2-°K, 
2 F on the tungsten plate was found to be greater than 13 KW/CM for max 

W and graphite, but burnout would probably occur before this heat 

flux was allowed. 

V.C.4. Tube: The main parameters varied here were the heat flux and 

the pressure of the coolant; the heat flux was varied to determine its 

maximum allowable value before melting or burnout was achieved; the 

pressure was varied to determine how low the pressure could be taken 

and still have reasonable heat transfer and not exceed the burnout 

heat flux. The velocity of the coolant was chosen to be 90 M/SEC for 

these calculations. The various combinations of pressure and heat 

flux are shown below in Table VII. It would seem that if neutral beam 
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TABLE VII 

Effect of Heat Flux and Pressure on T and q " for Tungsten. 
IDouC C 

Tubes 

F ( ^ ) 
cm 

• • • 

T ft) max ' 
D - 750 ps i 

a" for 
"C 

1400 2000 
8.48 1000 *p> 750 15.4 19.1 

10.61 1230 A p > 750 14.3 17.6 

12. 73 1473 <xp>750 13.9 15.4 

. M.R"i ... 1760 .* p > .7.50. 1X4 13.9 

Thickness= 0.3 mm 

Velocity" 90 m/sec 
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2 power fluxes are going to exceed 7 KW/CM , high pressure coolant will 

be necessary to avoid burnout. Also, melting is not the primary con­

cern when dealing with high velocity coolants at high heat fluxes. 

Fluxes will be limited by either burnout or thermal stress. Finally, 

very high velocity coolant will be needed if fault conditions are 

allowed to occur to prevent burnout, melting, and cracking due to 

thermal stress. 

The pressure and heat flux effects would be similar for an inter­

nally-cooled, rectangular duct. 

V.D. Summary: 

Uncooled plates are seen to be adequate for heat fluxes slightly 

lower than the reference heat flux and a pulse time of 0.5 sec. For 

tha cube or slotted plate designs, the heat flux must be lowered even 

further, by about 10-20%, to avoid melting during fault conditions. 

Erosion of these uncooled plates is not a major concern, considering 

the expected thicknesses of these plates and the erosion calculations 

in Appendix D. 

Backside cooling drastically reduces the temperature of the plates 

but a thickness of less than 2 mm must be allowed for. Erosion may 

become a concern if the cooled armor's lifetime must be more than 

about ten years, but neutron irradiation damage will probably not 

allow that anyway. 

A wedged surface because of its higher temperatures and increased 

erosion due to its angle to incident particles, was rejected as a 

design proposal. Internal cooling was not adequate to substantially 

reduce the temperatures to a level that is competitive with other 

design proposals. 
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Internally-cooled tubes are seen to be adequate not only for the 

experimental and power reactor reference cases, but also for increased 

heat fluxes if high velocity coolant is allowed. Erosion, however, 

remains a major concern. 

The internally-cooled rectangular ducts reach slightly higher 

temperatures than the tubes, but the difference is not overwhelming. 

This design remains in consideration because of its lower erosion 

rate than the tube. 

If heat fluxes may be lowered and pulse times increased, the per­

formance of the armor will be better particularly for the uncooled 

armors. Or, if the pulse time were decreased and the heat flux in­

creased, the same would be true. (For near term experimental machines 

the energy confinement times will be on the order of 0.1-1.0 sec. 

For fusion power reactors the energy confinement time will be on the 

order of several seconds. For ignition types of Tokamaks, ideally, 

the neutral beam pulse time should be at least as great as the energy 
54 confinement time. ) 
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VI. THERMAL STRESS 

A. Introduction 

Thermal stresses may arise in a heated body either because of a 

nonuniform temperature distribution, external constraints, or both. 

Although we will need to consider the effects of external constraints, 

our chief concern here is for stresses due to temperature gradients 

in the first wall armour. 

If a body is heated uniformly each differential volume of the 

material will expand by the same amount and no stresses will arise 

if the body's boundaries are not restrained. However, if the body is 

heated nonuniformly the differential volumes will not expand evenly. 

Each will expand according to its own temperature rise. Since the 

body must remain continuous (till it fractures), internal constraints 

are created, because each of the differential volumes will be re­

straining the distortions of the surrounding volumes, and stresses 

result. Stresses do not result, however, in the case of temperature 

distributions which are linear in rectangular Cartesian coordinates 

(See Ref. 11, pg. 272-273). Generally speaking, the larger the 

temperature gradient, the larger the thermal stresses will be. 

For all of the designs considered, a non-linear temperature 

gradient exists; we should expect some degree of thermal stress 

and strain. To calculate the thermal stresses where an analytical 

solution was not available SAP4 was used. SAP4 is a structural 

analysis program for linear, elastic materials.2" The analytical 

solutions that I used were also based on linear, elastic theory. 
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(for a brief discussion of SAP4, linear vs nonlinear theory, and 

static vs dynamic analysis, see App. A.) 

VI. B. STRESSES ATTAINED IN DESIGNS 

VI. B.l. Free Plate: 

For a plate, free of external fractions, unifo; mly heated on 

one surface, with the other surface insulated, the thermal stress 

distribution is given by 

<L. = 6.... = I ^ : { - aET + oE 
"xx "yy 1-v ^ ""** ' 2h \ d Z + ^ f ^ 

2h 3 J 
T z d z 

2„2, 

-v) U U " h J + T 1 —re 4 h c o s ~^— K(l 
IT , n 

n=l 

48 z z 
2 2„ n Kt 

hir 4 z h 4 

n-1,3 ,5 

where <* Is the thermal coefficient of expansion, E is Young's modules, 

V is Poisson's ratio, z Is the diatance measured from the center 

of the plate, and 2h is the thickness of the plate. (The plate is 

heated at the surface where z =• "fch.) All other parameters have 

been previously defined. In our case, a conservative assumption 

is to have the entire plate heated at the maximum heat flux. From 

the previous chapter we found the maximum allowable heat flux for 



KW a 0.5 sec pulse time to be about 5.5 ——j for a tungsten plate and 
cm KW about 6.5—j" f o r graphite. Using these heat fluxes and a 0.5 sec 

cm 
pulse time, and assuming average physical and mechanical properties, 

the stress distributions shown in fig. 8a, b for the unattenuated 

heat fluxes were calculated. (Note that I've assumed that the 

temperature gradients are greatest at the end of the pulse, TRUMP 

calculations show this to be the case.) 

Compared with the U.T.S. of tungsten and graphite, it can be 

seen that probably yielding and possibllty fracture will occur for 

the unattenuated pulse. The attenuated pulse will not caused 

yielding. If yielding Is not allowed to occur then the flux will 
VTTt have to be reduced even further, to about 2.5 - 3.0 •^ T for cnr' 

tungsten and 3.5 - 4.0 —n - for graphite. Note that the maximum 
cm^ 

compressive stress, while several times larger than the tensile 

stress maximum, may be allowed to be larger than the U.T.S., be­

cause the compressive strengths of most materials is much more than 

their tensile strengths. I could not find compressive strengths for 

tungsten and assumed, conservatively, that Its tensile strength 

equals its compressive strength. 

VI. B. 2. Cube design: 

It would not be a good assumption to assume that a free pldte 

analysis Is applicable to this design because for one thing, the 

dimensions of the cube on slotted place are too small and secondly 

the cube (or that part of the slotted plate which lies above its 

backing plate) will be essentially under restraint by the backing 

plate. 



I used just one type of restraint, however, because in Ref. 3, 

it was found that variation of the restraint conditions has little 

effect on the stress distribution, particularly in the hotter regions, 

where we are interested. I used restraint at a single point (in 

the center of the plane connecting the cube to the backing plate) in 

all three directions and restrained all modes in a direction trans­

verse to the temperature gradient, I also used a one dimensional 

temperature distribution, using the maximum temperature for an entire 

layer as the temperature at a certin height of the cube. 

For the allowable heat fluxes I found the temperature distri­

bution from TRUMP for the unattenuated case, and put these values 

in SAP A to find the stresses. I did the same for the attenuated 

case. It can be seen See Fig. IX that the stresses are lower than 

those found for the free path for the attenuated flux. (By decreasing 

the width of the cube or slotted plate, the stresses should be 

reduced even further.) However, yielding will still occur, and 

possibly fracture, for the unattenuated flux, if the SAP results 

are to be belived at such high temperature. For the unattenuated 

flux, though, linear, elastic theory would break down, making both 

SAP4 and the analytical solution for the free plate quantitatively 

Incorrect* This Is why the cube results actually show higher stresses 

than the free plate results for the unattenuated flux. 

VI. B. 3. Backside - cooled plnte 

From the analytical expression for the temperature distribution 

for a plate, which is exposed to a uniformheat flux and kept at the 

initial temperature on the opposite surface, one can see that as 

t * «, and that the stress has passed through a maximum at a previous 



time* Schlvell and Grave have found that the maximum dlmenslonless 
Tr2K(l-v)a 

stress, — = = . occurs at the exposed surface of the plate 
8LFEct * „ 4L 2 

at a time t • O.lT where T Is a time constant, T » — s — . This 
•n K 

maximum stress Is compressive and has a value, In dlmenslonless 

terms, of -0.126. The maximum tensile stress also occures at 

t - 0.1 , Its value Is about + 0.042. For tungsten and graphite 

plates less than 5mm thick It Is less than 0.5 sec, which means 

that the maximum stress would occur before the end of the 500 msec 

neutral beam pulse. Replacing the dlmenslonless stress with actual 

stress values and physical properties, we can find the maximum 

stresses which would occur for attenuated and unattenuated beat . 

fluxes on various thickness plates. These stresses are shown below 

Note that the attenuated flux 

TABLE IX 

EFFECT ON BACKSIDE-COOLED PLATE THICKNESS ON MAXIMUM STRESS 

GRAPHITE 

5 2 1 

0.102 0.042 0.021 

0.314 0.126 0.063 

13.1 5.25 2.62 

39.4 15.8 7.87 

causes no yielding or fracture, while the attenuated flux will 

cause yielding or fracture for plates thicker than about three or 

TUNGSTEN 

5nnn 2 1 
Thickness [mm] 

ATTEN. tens. 7.72 3.09 1.54 

Flux cdmp 23.2 9.28 4.64 

UNATTEN. tens 297 113 47.7 

Flux 6 „ A - 891 340 143 comp 



four mm for tungsten. Plates of graphite even 5mm thick wouldn't 
be expected to crack under the unattenuated flux. While the more 
realistic example of using a heat transfer coefficient at the back face 
would yield higher temperatures, the temperature gradients aren't 
expected to be any greater than for a constant back-face temperature; 
consequently, the stresses aren't expected to be any greater. 

The stresses could be reduced even further if a cube-type of 
design was used, but since the stresses in the backside-cooled plates 
are sufficiently low, there Is really no need to consider It. Pre­
sumably, the degreee of reduction would be on the same order as 
that produced by the uncooled cube-type armour, i.e. about a factor 
of two or three. 
VI. B. 4. Tube; 

As mentioned previously steady state temperature were approached 
very rapidly by all the tubes tested; most of the heat flow Is in 
the radial direction, although the azimuthal temperature gradient 
can't be totally ignored. 

For a thln-walled tube with a temperature difference across the 
aE ._. wall, the thermal hoop stress Is given by „ . , v. ATw where ATw Is 

the temperature difference (T Q - T^), at distances far from the end 
of the tube. At distances closer to the ends the hoop stress du» 
to a temperature gradient Is increased by a fractor of 1.25. ..le 

pressure-induced hoop stress is given by £—• for a thtn-walled 

tube, where P Is the pressure, D Is the average diameter of the 
tube and t is the thickness of the tube wall. Thus we would expect 

pD , „ - ctE the maximum stress in the tube to be given by -T + 1-25 - n-v) 
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The maximum temperature difference across Che wall will occur at 

Che zenith of the tube, at the point which Is exposed to the maximum 

heat flux. Since, at steady-state, TRUMP showed the temperature 

gradient to be almost linear In terms of r, the radial direction, 

AT should be given roughly by (F t)/K. On can see that max " ° °"~' "' v"max 
the temperature difference across the wall should decrease as Che 

thickness of the wall Is decreased. In the TABLE below AT Is 
max 

listed for various - thickness graphite and tungsten tubes using 

average physical properties. Also listed is AT for Cubes cal­

culated by TRUMP using Che coolanC velocities shown. 
TABLE X 

AT across the thickness of tubes 
max 

TUNGSTEN 

ICKNESS (mm) 
F t max 

K wall max 

TRUMP 

wall max 

MN 
2 m> 
6 
max 

MN 
2 

m 6 max 
V =» 30 m/sec V =» 90 m/sec 

0.3 153 190 175 >389 >482 
0.5 256 325 295 >479 >577 
0.8 467 580 630 >787 >1020 
1.0 609 645 640 >894 >?39 

GRAPHITE 

0.3 162 275 285 f > 2t 10, ,000 psi 
0.5 289 500 555 
0.8 622 900 935 
1.0 946 1340 1320 



Several things may quickly be noticed from the above table 1) 
AT f f l a x as calculated by TRUMP, doesn't vary much with coolant 
velocity. 2) i i ' !

m a x calculated by TRUMP is higher than that cal­
culated by the simpler method. Physical properties will make some 
difference, but one wouldn't expect the difference to be quite 
as large as indicated. 3) I didn't calculate the total stresses 
for graphite, because In each case the yield stress was exceeded. 
Indeed, even for a pressure of about 750 psi the yield stress would 
be exceeded for tubes of thickness greater than about 0.6 mm. 

We may therefore conclude that graphite should not be used 
for the tube design and that tungsten tubes of thickness 0.5 mm 
shall not be considered for the reference power reactor conditions. ., 
In addition, it can be seen that increasing the heat flux beyond 
the reference flux will Increase the thermal stress. Considering 

that the maximum allowable stress is, from App. C, about 68 x 10', 
7 

we can see that the maximum allowable flux is roughly 7 x j ' 
KW 4 8 x 1 0 

10—xlf the TRUMP temperature difference is used, F is about 
cm 

8.2 kw/cm for a 0.5 mm thickness tube. For a 0.3 mm thick tube, 
the maximum allowed flux is 7 x vs" " 1 0 — i . Remember that 
this doesn't consider the stresses created due to the azimuthal 

temperature gradient either, but since the azimuthal gradient is 
roughly 10% of the radial gradient, one wouldn't expect the total 
stress to be more than 1.1 times that shown in the previous table. 

A smimple analysis using constant properties shows (See fig. 
X) that the optimum thickness for a tungsten tube is about 0.28 mm, 
it the stress is to be kept minimum. Also shown is the yield stress 
at function of tube thickness. (Actually this is yield stress as a 
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function of temperature; the temperature of the tube Increases with In­

creasing thickness.) This shows that the maximum allowable thickness 

for a tungsten tube is about 0.6 mm In terms of stress considerations 

for the reference heat flux. 

Copper, while being a very good conductor, could not be used 

because Its yield stress Is very low. 

Internally-Cooled "Plate": Stress considerations for the Internally-

cooled plate would be identical to that for the tube, for the most 

part. However, the stresses will be even higher than the tube because 

of the higher temperatures occuring in the corner of the rectangular 

ducts. That is, there will be higher temperature gradients with the 

internally cooled plate, and consquently higher stresses. 

Since the internally-cooled plate would have both higher temper­

atures and stresses than the tube design, would probably be slightly 

harder to fabricate than the tube, and lifetimes in power reactors 

will probably be limited by neutron irradiation rather than sput­

tering, I decided to abandon the internally-cooled rectanglar duct 

design as a practical alternative to the tube. 

Note that the heat flow is two-dimensional, when steady-state is 

reached. The temperature distribution is not linear. In one di­

mensional steady-flow in Cartesian coordiantes, the stresses wo-id 

be zero. 
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VI. C. 1 STRESS - CONCENTRATION FACTORS: 

Scratches, notches, grooves, holes, or other abrupt hanges In 

the cross section of a member may produce higher stresses than the 

average stresses in the vicinity of such changes. This Is called 

stress concentration. Cracks, slags, Incisions, scratches, tool 

jarks, blow holes, and flaws of various kinds produced by manu­

facturing processes can also contribute to stress concentration. 

For example, a hole In a flat plate may produce stresses which 

are two to three times larger tahn the average stress In the plate 

a short distance from the hole. It also produces biaxial stresses 

around the hole; a combined state of stress will change the yelld 

and ultimate strength of the material. This will make It difficult 

to predict the strength of members. 

Stress values at stress concentration points may be determined 

by theoretical methods. Experimental testing has shown theory to be 

accurate. A stress concentration factor defined by 
S max Kg - - s -

where S Is the maximum stress In the member and Sfl is the average 

nominal stress a short distance from the change in cross section. In 

fig. 27 are shown measurements of the stress concentration factor 

for flat plates. 

Great care must be taken to avoid .areas of high stress in the 

armour, if notches, grooves, fillets, or holes must be made when 

mechanically joining the armour to the first wall. Stress concen­

tration should not paly a major role in the calculation of the 



43 

maximum stresses in the armour if such changes in cross section 

are made away from the section of the plate upon which the neutral 

beam Inpinges. For example, if a free plate armour is used, the width 

of the palte could be slightly larger than the diameter of the 

neutral beam, and holes could be placed outside the diameter of 

the beam. Or, if the plate is thick enough, holes could be placed 

In the plate nearer the section of the plate where stresses are low. 

VI. C. 2. Fatigue 

Because the neutral beam will be turned on at cyclic intervals, 

the temperature in the armour of the first wall will undergo cyclic 

variation, thus causing cyclic thermal stresses. The application 

of cyclic stress on a material can lead to fracture, even though 

the applied stress is below the strength of the material. This 

phenamenon is called fatigue, and depends on the rate of application 

of the stress, the magnitude and sign (compressive or tensile) of 

the stress, and the temperatures Involved. Fatigue can also be 

affected by the neutron fluence. 

Since the fault condition will occur only rarely if at all, 

fatigue due to an unattenuated flux wasn't considered. However, 

the attenuated flux conditon will occur very often, and fatigue 

due to the normal cycling of the neutral beam should be investiaged. 

With fusion power reactors, the stress, during the normal condition, 

which is built up is negligible for internally-cooled devices or the 

plates which are cooled on the back-face, and fatigue will not be 

a concern during this condition. However, for near-term experiment 

devices which employ radiation-cooled armours, the stress may range 



up to several thousand psl for the normal condlton. Fatigue data 

for graphite or tungsten was not found but Ref. 42 lists fatigue 

data for Mo at 1153°K which should perform very similarly Co N. 

This data Is shown In Fig. 24. The frequency of the tests was 

generally one HZ. [one MPa - 6 9 x 10~^ p s i ^ " Since one 

would expect tungsten's fatigue characteristics to be even better 

than Molybdenum's, one can estimate that tungsten will not be limited 

during normal operation by fatigue. 

VI. C. 3 CREEP: Creep is the defarmatron with time of a material 

under a constant stress. Creep may also eventually cause rupture. 

However, at fusion power conditions, temperature will not be high 

enough to cause rupture due to creep for either tungsten or graphite. 

In Fig. 25 is shown the stress vs. time for static creep rupture of 

molybdenum at 1153°K. One may quickly see that, for tungsten, which 

would not only have better creep characteristics than No, but also 

wouldn't reach temperatures of 1153°K, the lifetime will not be 

limited by creep. The same conclusion can be reached for experimental 

devices. In Fig. 26 is shown the creep rate vs. temperature for 

graphite. For anticipated stress levels and temperatures, creep 

will not be a concern for graphite. 
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Tungsten on graphite free plates will not fracture or yield under 

the Impingement of an attenuated neutral beam for their respective 

allowed heat fluxes. Both will probably yield and possibly fracture 

under the Impingement of the allowed unattenuated heat flux. Exper­

imental testing Is necessary to determine if fracture will occur 

and the extent of damage that it Incurs. Also, it will be necessary 

to determine if yielding may be allowed. 

Cubes on a backing plate, or small plates on a backing plate, 

show reduced stresses, but this type tif armour will also probably 

yield under an unattenuated beam strike of an allowed heat flux. 

("Allowed heat flux" refers tothe flux allowed with consideration 

of melting.) 

While graphite has a much lower tensile stress than tungsten, 

the induced thermal stresses are much lower and while tungsten's 

tensile stress and yield strength decrease with temperature, grap­

hite's strength actually increases with temperature. Graphite is 

one of only a very few materials which show this characteristic. 

It will be necessary to experimentally test these two materials 

to see if yielding or fracture does actually occur, but it seems 

that graphite would be the more desirable material to use and that 

for fluxes in the neighborhood of 3-5 ttW/cm a graphite plate or 

cube may be acceptable. Graphite would also be more desirable than 

tungsten because of graphite's lower atomic number and lower cost. 
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This backside-cooled, free plate show greatly reduced stresses* 

and may be applicable to fusion power reactors. However, the stresses 

that are induced require very good heat transfer between the back 

face and the coolant tubing, and also were calculated using the 

assumption that the plate Is unrestrained. To achieve the high 

rate of heat transfer It seems that not only will the plate have 

to be restrained In some way to maintain contact between the plate 

and the tubing, but the tubing Itself will have to be made of a 

reasonably strong, hlgh-thermal-conductlvlty material. (The tubing 

would have to be fairly strong because high pressures would be 

required to avoid burnout, and the tubing will be quite thin.) 

A graphite plate may be set on tungsten tubes; this would allow 

a low z material to be exposed to the plasma, while still having 

the highly-conductive, high strength material needed for the tubing. 

However, if the plasma impurity confinement time is about the 

same or less as the plasma particle (a , T ) confinement time, 

tungsten impurities may not be a very serious problem, and the 

tungsten tubing could be directly exposed to the plasma. Wall 

erosion probably would not be the lifetime limiting factor. (See 

Neutron-Irradiation Section.) Tungsten tubing about 0.3 mm thick 

would have a structured safety factor of about 1.6 for the refernece 

power conditions and an unattenuated neutral beam strike. Graphite 

tubing could not be used because of the high pressure required of 

the coolant in the event of an unattenuated strike. 

^Compared to both the radiation-cooled plate and cube/waffle type 

of armour. 



j 47 

Because of the higher temperatures and stresses in the rec­
tangular duct, and wall erosion probably wouldn't be the lifetime 
limiting factor, the rectangular duct design was found not to be 
competitive with the backside-cooled or tube designs. 

Stress concentration will not be a major concern If care is 
taken about where changes In the cross sections of members are 
made. Also, because the stresses Induced In the armour during 
normal operation of the fusion reactor will be low, fatigue and 
creep probably won't be major factors to affect the lifetime of 
the armour. 
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VII. SURFACE EFFECTS, WALL EROSION, AND PLASMA IMPURITIES 

VII. A. Introduction 

Besides adverse thermal conditions, the armour will also be 

expected to operate under intense ion bombardment and neutron ir­

radiation from the plasma, fusion reaction products, and the neutral 

beam. These bombarding particles will not only cause damage within 

the armour, but will also erode the armour and send armour particles 

into the plasma. These armour particles will deteriorate the per­

formance of the plasma. 

One of the main processes which will cause erosion of the armour 

is called sputtering. Sputtering has been studied for many years 

and its implications for fusion reactors are a major concern. •" 

"Physical" sputtering occurs when particles bombard a material with 

sufficient energy to eject atoms from the surface because of the 

momentum transfer between the incident particle and the target atom. 

"Chemical" sputtering occurs when the bombarding particles chemically 

react with the target atoms to form a volatile compound, which then 

escapes from the solid. Although both physical and chemical sputtering 

vary with the energy of the bombarding particle, this effect is more 

Important with the former. Physical sputtering yields (the ratio 

of the number of atoms ejected to the number of bombarding particles) 

vary with many parameters. These include the energy of the bombarding 

particle, the angle of incidence of the bombarding particle, the atomic 

weights or masses of both the target and the bombarding particle, the 

target temperature, the surface condition and grain size of the target, 



and the dose of bombarding particles. 

Although sputtering has been studied for over a century, quan­

titative agreement between theory and experiment is still hard to 

achieve, with the a difference factor between theoretical and exper­

imental yields varying up to an order of magnitude. Qualitatively, 

however, theory and experiment tend to agree. Experimental sputtering 

yields for D , H , He , and n on a few targets as a function of 

energy are given in Appendix D. Neutron sputtering have been a 

subject of controversy till recently. Haminsky found relatively 

large values for neutron sputtering yields, while Behrisch and others 

found yields on the order of 10 J smaller. Xaminsky had observed 

the emission, of small chunks of target material, while Behrisch had 

ovserved only atomic emission. Apparently, as has been recently 

hypothesized, the chunk emission was due to surface stresses and 
32 miscrosstructures In the target material. 

A second surface effect that leads to erosion and plasma con­

tamination Is radiation blistering. When the gaseous plasma and 

helium ions escape fromthe plasma and strike the armour, they will 

slow down due to collisions with the armour atoms. At the end of 

their respective range, these gaseous particles may collect in small 

pockets, formed by the displaced armour atoms, and from gas bubbles. 

As more gaseous particles enter the material the bubbles will grow 

In size; since the range of these particles is on the order of only 

a few micros, these growing bubbles may actually deform the surface 

of the armour, forming visible blisters. Gradually, the pressure 

within these bubbles becomes so great that It may cause the bubble 

to burst, not only emitting the enclosed gas, but also ejecting chunks 
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of armour material into the palsraa. Blistering and its fusion 

reactor implications have also been the subject of intensive 

study. ' * * The parameters which govern sputtering yields 

also affect the extend of blistering damage. 

If the temperature of the armour becomes high enough, then some 

atoms near the surface will have enough energy to be ejected from 

the material. Evaporation must also be considered as a source of 

erosion in view of the potentially high temperatures expected for 

the neutral beam armour. The rate of evaporation depends mostly 

on the materials's physical properties and on the rate of heat 

deposition into the material. Behrisch has outlined a simple, 

clean approach for estimating the amount of material evaporated as 
30 a function of the heat deposlton rate, or temperature. His results 

for major first wall candidates are given in Fig. 11. 

Other processes which may lead to armour erosion and plasma 

contamination include photo-desorption of adsorbed or absorbed gases, 

photo-decompositon of surface compounds, and photo-catalysis. However, 

not much is known at this point about either the fluxes of photons 

expected at the first wall, or the extent to which they will effect 

erosion of materials. Fusion reactor implications are just recently 

being studied. 5 2 - 5 3 

When impurities get into the plasma, the radiated power is 

greatly Increased because of its dependence on the atomic number 

Z of the plasma ions. For example, free-free bremsstrahlung radiated 

power is given by 
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P R - 0.486 x l ( f 3 0 n 2 T e 1 / 2 - i B e 
^ Z i n i g f f T 

1 V-i (•cm J Zj n., Lcm' 

i 

where Z *> charge on s p e c i e s 1 i n the plasma 

Z • charge on the ion ized impurity atoms 

T • plasma temperature 
2 

g f f(Z /T) - Gamow Factor 

Te = electron temperature 

n =• electron density 
and n = density of species 1 in the plasma and recombi­
nation radiation is given by 

P =» 1.3 x 10 J i f - ~ r n C 

T 1/2 e 
e 

where f is the impurity fraction. 

As power is radiated away from the plasma, the temperature of 
the plasma decreases. In addition, at a constant n , the impurities 
cause a decrease in fuel density, which results in a decrease in 
fusion reaction rates. Thus, as the impurity level is increased, 
the plasma parameters (density, confinement time, and temperature) 
required to achieve ignition (when fusion energy equals brensstrahlung 

losses) and Lawson's Criteria (when electrical output from fusion 
25 equls the energy input) became more difficult to achieve. Meade 

24 and Behrisch and Kadamtsan have done studies to try to determine 

the limits on plasma impurities. Their findings are shown in 

Figs. 12-14. It can easily be seen that : 1) keeping plasma im­

purities to as low a level as possible is extremely important if 
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fusion power is to become feasible and 2) materials that are ex­

posed to the plasma should have low atomic numbers if practical. 

Unfortunately, classical theory predicts that impurities will 

tend to migrate toward the center of the plasma; but, only in very 

quiescent discharges has this been shown to be Che case experimentally, 

and after instabilities have developed the impruities tend to dis­

tribute themselves uniformly throughout the plasma. However, one 

should note that, for several reasons, a small amount of impurities 

may actually be beneficial to the operation of the reactor: 

1) Ohmic heating is made more effective due to the increased res­

istivity of the plasma, 2) Particle transport is increased, possibly 

resulting in a more uniform plasma temperature distribution, and 

3) Thermal stabilization of the plasma may be necessary at higher 

temperatures, and this might actually be achieved by radiation losses 
24 from the plasma, due to a fractional amount of impurities. 

VII. B. Wall Erosion Results 

Erosion due to sputtering may be calculated according to the 

following formulae 

i i n l 

where A£ is erosion rate in naa/yr 

S. is the sputtering yield due to species i in atoms/particle 
2 

$ is the flux of species i in particles/cm -sec 

n is the atomic density of the target in atoms/cm 

n is the plant efficiency, or up time in % 
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To calculate the erosion due to blistering a pseudo-blistering 

yield was used that was calculated assuming that an entire monolayer 

of material was blistered off after the critical dose for blister 

rupture had been reached. Thus, the blistering yield is given by 

[41] 

z , R i V 
1 « * \ Aw 

where S is the blistering yield due to species 1, in atoms/particle 

R, is the range of species 1 into the target material, 
in cm 

N is Avagadro's it 

p' is the density of the target material in gm/cm 

A is the atomic weight of the target material 

and (<f>t) is the critical fluence for blistering against species i 
Ci 

It was assumed that no blistering occurred after two monolayers 

had been blistered off. Normally, blistering ceases after a single 

monolayer has been blasted off, but the above assumption will allow 

for nonuniformities. An average temperature of 900 K was used to 

calculate erosion rates due to evaporation, using Fig. 11. One 

fault condition per year was allowed. 900 K was used because it is 

the upper limit for uncooled armours during the normal condition. 

For cooled "armours", the normal surface temperature will be much 

lower. Erosion due to photom and electron processes was neglected. 

The TFTR anticipated fluxes were used for the near-term device, 

while for the power reactor flux, those given by Kulcinski for 

UWMAK were used. These fluxes are given in Appendix D. 



The erosion in TFTR was found to be negligible. The tungsten 

erosion rate, calculated in Appendix D, was found to be 0.018 mm/yr, 

while the graphite erosion rate was found to be 0.066 mm/yr for the 

power reactor flux. It would seem that graphite's life may be 

severely limited by erosion, if it is used as an internally cooled 

device. For a back-side cooled device or for a radiation cooled 

armour <vl mm - 1 cm thick graphite's life probably would not be 

limited by erosion due to surface effects. Tungsten remains 

applicable for any device. 

VIII. C. Plasma Impurity Fraction; 

The plasma impurity fraction was calculated starting with 

the following differential equation, equating the rate of change 

of the impurity fraction to the gain of impurities due to erosion 

minus the loss of impurities which escape from he plasma. 

dN S„N„ N u S„N 
m .. . H H H , ,.. , K m ,,,. -r— - (1-n) — — + (1-n) — — (26) at T„ T T.. H m M 

where N„, JL, = plasma and impurity concentrations, respectively 

S„, S M = plasma and impurity erosion yields, respectively 
Tu« T M = plasma and impurity confinement times, respectively 

n =» divertor efficiency 

This equation includes the assumption that the eroded armour 
30 atoms come off as neutral atoms ; otherwise the 1-m term would be 

squared, because the divertor would eject n% of both the incoming 

and outgoing ions. Assuming N„ to be constant the solution to 

the above equation is given by 
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__ „ _ !_e 

H Pm " SM 
We can evaluate an effective overall plasma erosion coefficient by 

using the following formula 
s (At)(n) 

H («)(n)(3.154 x 10 8) 

where A J. is now the total erosion and <j> is the total flux of particles 

upon the armour. This yields S„ •» 4.21 x 10 for tungsten and 

S„ - 0.027 for graphite. With n - 0.9, T„ <* 14 sec, S - 4.0, and 

the values of S given above, we can graph the impurity fraction for 

various values of the ratio T /T„. This is shown in Fig. 15 and 16. 

Thus, the tungsten impurity limit is rapidly exceeded if the impurity 

confinement time is more than about twice as long as the plasma con­

finement time. Graphite's impurity limit will not be exceeded even 

for an impurity confinement time that is as much as twenty times 

the plasma confinement time. 

One should remember, however, that other Impurities will be 

present in the plasma, form the first wall, for example and the 

theoretical plasma impurity limit may have to be lowered. It would 

appear that, for a tungsten armour, other a short impruity confinement 

tlem would have to prevail or the divertor efficiency would have to 

approach 100%. Impurity control for graphite doesn't seem to be a 

problem. 



56 

VIII. NEUTRON IRRADIATION DAMAGE 

Even if all of the thermal, stress, erosion, and impurity problems 

are worked out, the design is still faced with possibly the stiffest 

test of all: neutron irradiation damage. This is particularly true for 

fusion power reactors. 

Neutron irradiation causes two main effects in materials: 1) dis­

placement of atoms from their equilibrium position in the crystal lat­

tice and 2) transmutation reactions. These two effects lead to a vari­

ety of undesirable events such as neutron sputtering; production of 

gas atoms (primarily hydrogen and helium); production of elements other 

than those which compose the target material, causing the chemical 

make-up of the material to be altered; the occurrance of free vacancies 

and interstitials in the lattice; the production of radioactive species. 

(Since we have already dealt with neutron sputtering in Section VILA., 

I will not discuss it further here.) These effects may in turn cause 

the formation of voids and gas bubbles, resulting in swelling of the 

material (fig. 17), swelling due to solid transmutation products, and 

changes in the physical and mechanical properties of the material. 

These property changes are usually detrimental to the performance of 

the material. For example, the thermal conductivity and ductility 

generally decrease with increasing fluence (figs. 18 and 19); the creep 

rate is increased and the stress-rupture life is lowered at high temp­

eratures. For materials which display a ductile-to-brittle transition 

temperature, such as the refractory metals, neutron irradiation causes 

a shift in this temperature to higher temperatures (fig. 20), i.e., 
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the material remains brittle to higher temperatures. However the yield 

strength of most materials la actually increased due to irradiation 

(fig. 21). In fact, after a certain amount of irradiation, the yield 

strength increases to almost the same magnitude as the tensile strength. 

(The tensile strength doesn't change much with fluence.) This means 

that the material will remain in the elastic range for larger amounts 
43 of stress, and will fracture before much strain is encountered. 

Unfortunately, at this time there is no experimental neutron flux 

available which can simulate the very-high-energy neutron spectrum 

anticipated for-the first wall of fusion power reactors. However, for 

energies above 0.1 Mev the integral neutron flux in the High Flux 

Isotope Reactor (HFIR) and in the Experimental Breeder Reactor (EBR-II) 

can exceed that of fusion power reactors for wall loadings up to 
2 " 

4 MW/M . It is expected that annual atomic displacement rates should 

be comparable to those achieved in high flux fission reactors and 

annual gas productio rates should be substantially higher than those 

achieved in high flux fission reactors." The neutron flux spectrum at 

the first wall and armor will be the most intense and the hardest in 

the system. 

There isn't much neutron irradiation damage data available for 

tungsten. One set of data is given in Table XI. However, this set of 

data shows a decrease in the yield strength and an increase in the 

relative elongation after irradiation. This may be due to the fact that 

the test was performed at 200°C, which is probably below the DBTT for 

tungsten, where tungsten would be brittle to begin with. Other tests 

with refractory metals show the opposite effects due to radiation 



TABLE XI 
19 2 Effect of Irradiation with Neutrons (5 X 10 n/cm ) on the 

12 Mechanical Properties of Tingsten Under Tension 

Test Temperature, C 20j0 
2 Yield Point (kg/mm ) Before Irradiation 103.5 

After Irradiation 91.5 

Tensile Strength Before Irradiation 121.1 
Aft-pr TrraiHaMon 121.1 

Relative Elongation Before Irradiation 2.4 

After Irradiation 4.2 
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damage (figs. ?1 and 22). 
There is much more data available on the performance of graphite 

under neutron irradiation (figs. ]8 and 23). The strength of graphite 

and SiC generally increases, although not to a very great extent, not 

more than a factor of two. The thermal conductivity is drastically 

deteriorated due to neutron irradiation. The thermal expansion coef­

ficient is generally decreased by up to a factor of three. The elastic 
9 

modulus and the modulus of rupture are not significantlt affected. 
21 Ref. 9 lists a possible fluence limit for carbon of 10-20 X 10 

2 
neutrons/CM , although no basis is given for which this limit is pro­
posed. Using the flux of neutrons in App. D for a fusion power reactor, 
the life of graphite would be limited to about 1.5 years by neutron 
irradiation. Neutron cross sections for tungsten in the Mev range are 
several times those for carbon. Although carbon's atomic density is 
about twice that of tungsten, the difference doesn't make up for the 
difference in cross sections. In Table XII are listed the total cross 
sections for tungsten and carbon at Che energies of interest. One may 
assume that tungsten's fluence limit would certainly be no more than 
carbon's, implying that tungsten's life would be limited Co less Chan 
1.5 years by neutron irradiation damage. Ref. 9 lists SiC's fluence 

21 limit between 50 and 100 X 10 , or roughly five times that of graphite. 
If conditions can be such that SiC performs adequately thermally 

and structurally, it would seem to be a better choice of material than 

either tungsten or graphite. That thermal conditions can be lowered to 

such an' extent remains to be seen. 
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TABLE XII 

as a Function of Energy For Tungsten and Carbon 

Energy (Mev) Tungsten (barns) Carbon (barns) 
0.001 17. 

0.005 16. 

, 0.024 13.fr 4.78 
0.075 13. 4.62 

0.120 10.5 4.57 

0.62 7.8 3.15 

i .n 6.4 ? 7fl 

1.5 6.7 2.05 
2.0 6.6 1.63 

3.0 6.3 1.30 

_ 5.0 5.6 i .OA 

8.0 4.8 1.86 

, 12.0 5.0 1.41 

14.0 5 . 3 . . ...... UOi 

http://13.fr
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IX. CONCLUSIONS 

Near term devices: For near term devices, radiation cooled first 

wall armors should be adequate, but either the pulse time will have to 

be shortened or the heat flux lowered from the TFTR neutral beam para­

meters. It appears that graphite can endure slightly higher heat fluxes 

than tungsten. Since graphite can't be easily welded to metals, it 

would have to be either mechanically joined or simply hung on the first 

wall in some fashion. A graphite plate would be much lighter than a 

similar tungsten plate. Erosion rates of graphite due to surface ef-

fectswill be significantly higher than those for tungsten, but in near-

term devices the plasma and neutron fluence isn't expected to be high 

enough to cause concern, and a graphite armor would be thick enough 

(on the order of a centimeter thick) to make erosion rates negligible. 

Besides the graphite would be lower cost and wouldn't cause nearly the 

same plasma contamination as tungsten. Plasma contamination is an es­

pecially important concern if fusion power is to be proved feasible 

in these near term devices. 

Since yielding and possibly fracture will undoubtedly occur for the 

fault condition for both the plate and the cube designs, and neither 

will yield for the attenuated condition, it is not: considered necessary 

to employ the cube-type armor, unless it turns out under experimental 

testing that only yielding will occur with the cube design, while frac­

ture will occur with the plate. At any rate the fault condition should 

be strictly guarded against. If the heat flux is slightly lowered from 

the TFTR parameters, yielding may be avoided with graphite, because 
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graphite's strength actually increases with temperature. 

Fusion power reactors: Since power reactors will have much longer 

neutral beam pulse times (of at least several seconds) and the plasma 

flux alone will be a significant, constant heat load, ranging up to 
2 1.0 KW/CM , fusion reactor first walls will have to be cooled. If 

fault conditions are allowed, the coolant will undoubtedly have to be 

at high velocity and high pressure, and the coolant tubing will have 

to be very thin to handle fault conditions if fault conditions are to 

be avoided. The high pressure will require a tubing material that has 

a reasonably high tensile strength (greater than about 25,000 psi 

at the temperature of concern) as well as good thermal conductivity 

and mechanical properties. In addition, if the tubing is exposed to 

the plasma flux it will have to have low sputtering yields since the 

tubing will be quite thin. The tubing may not have to be directly 

exposed to the plasma. It may be protected by a thin (less than 2 mm 

thick) plate, which would be cooled by the tubing. However, it is 

doubtful that the heat transfer between the plate and the tubing 

coolant would be high enough to handle the anticipated fault condition 

and still not crack. 

These considerations lead to the following conclusion: if fault 

conditions would be allowed to occur, then tungsten (or some other 

high strength, high thermal conductivity, low sputtering material) 

tubing of about 0.3 mm thickness would have to be employed. The tub­

ing would have to be directly exposed to the plasma. Neutron irradia­

tion damage would probably be the lifetime-limiting factor, rather 
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than creep, fatigue, or wall erosion. Plasma contamination will be a 

major concern unless the plasma impurity confinement time is about the 

same as the plasma confinement time. 

If fault conditions could be guaranteed against, a graphite plate 

could be cooled on the backside by copper tubing for example. (Copper 

tubing could be used in this case, because the coolant wouldn't have 

to be highly pressurized, since heat fluxes will be relatively low. 

Also, the copper tubing wouldn't be exposed to the plasma.) The cost 

of the tubing system would be drastically decreased, plasma contamina­

tion problems from the armor would be practically eliminated, and 

since neutron irradiation damage would be the lifetime limiting fac­

tor, graphite plates 1-2 mm thick would not be seriously damaged 

by erosion during its lifetime. It seems imperative that some kind of 

highly efficient safety mechanism be produced to prevent fault condi­

tions from occurring. 
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APPENDIX A 
DISCUSSION OF COMPUTER CODES 

(TRUMP AND SAP4) 

1. TRUMP; 

TRUMP was used to calculate temperature distributions In the 
various designs, both as a check on analytical solutions and as a 
solution for designs for which analytical solutions would be either 
very complex or would be practically impossible to obtain due to 
unusual geometries, boundary conditions, etc. It solves "a general 
nonlinear parabolic partial differential equation describing flow in 
various kinds of potential fields, such as fields of temperature, 
pressure, and electricity and magnetism; simultaneously it will 
solve two additional equations representing, in thermal problems, 
heat production by decomposition of two reactants having rate con­
stants with a general Arrhenius temperature dependence." TRUMP 
allows for three-dimensional geometry, involving simple or complex 
structures, a wide variety of iniital and boundary conditions, and 
can work in either Cartesian, cylindrical, or spherical coordinates. 
It can find solutions for either transient or steady-state problems. 
The average amount of computer time ranges from 0.3 to 2 msec per •• 
time step for each modal paint and connection between modal paints. 

Although written primarily in Fortran IV, it is readily adaptable 
16 to most computer systems. 
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SAP4 (Structural Analysis Program): 

Once the temperature distributions were found by TRUMP, they 

were lmput into SAP4, which computed the thermal stress distribution. 

SAP4 is a finite element program for application to static and dynamic 

analysis of linear structural systems. I used SAP4 with a static 

analysis. In this mode, SAF4 solves the equations of equilibrium 

followed by the computation of the element stresses. The program's 

capacity is mainly dependent ypon the computer used, the number of 

modal paints used to describe the structure, and the number of eigen­

values if dynamic analysis is required. Up to six displacement degrees 

of freedom are allowed for each mode and there is practically no 

limit on the number of elements, the number of load cases, or the 

order and bandwidth of the stiffness matrix. The program can work 

>.IP one-, two-, or three-dimensional systems. It is written in 

FORTRAN IV and operates without modification on the CDC 6400, 6600, 

and 7600 computers. A program for non-linear analysis NONSAP is 

also now available. 

Linear vs. Nonlinear, Elastic vs. Inelastic, and Static vs. Dynamic 

Most materials generally conform to the main requirements of 

linear, elastic thermal stress analysis at low temperatures and low 

stress levels. These requirements include a) small strains, b) strains 

related to the stresses by a linear equation (the material behaves 

elastically at all times) and c) the temperature may be determined 

independently of the deformations of the body. The first assumption 

implies that the displacements are small enough that no distinction 

need be made between the coordinates of a particle before and after 
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deformation, and that the displacement gradients are small enough 

that their products are negligible. Finally, the third assumption 

requires the omission of mechanical coupling terms in the heat con­

duction equation. 

For the unattenuated heat flux upon uncooled armours, the 

temperatures are too large for this kind of analysis, but SAP4 

should still give good qualitative results. Since yielding will occur, 

empirical stress-strain curves will be required to determine if 

fracture will occur; better yet, experimental analysis should be 

performed. The attenuated heat flux will not cause large stresses 

or strains so the linear, eleastic analysis will be adequate This 

should also be the case for the unattenuated heat flux upon internally-

cooled devices. 

Static analysis, as opposed to dynamic analysis, should apply 

if the pulse time to and thermal diffusion time T„ are much greater 

than the characteristic mechanical time T . For plates T is 
L 2 cp P(n Q

2 - n 0
2 ) given by — and for tubes by — c jrp . T is at least 

500 msec. We may find T M by the formulas 

B » —— = r— and D -
"M a/K Lq 12(1 - v 2) 

where a is the length of a side of a square plate and other parameters 

have been defined in the text. Thus, for a 1 cm thick plate, 

0.5 m x 0.5 m, we find ^ - 0.0181 sec for tungsten and t^ = 0.0362 sec 

for graphite. Since t_ = 1.88 sec and 0.862 sec respectively, a 

static analysis would seem to be adequate. 
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APPENDIX B 

COOLANTS, HEAT TRANSFER COEFFICIENT, AND BURNOUT HEAR FLUX 

COOLANTS: 

If coolants are used to help the thermal and mechanical per­

formance of the armour, amny additional considerations must be made. 

If coolant must be chosen on the basis of its thermal performance, 

its cost, corrosive properties, and its performance in the vicinity 

of high electromagnetic fields ans neutron bombardment. There are 

gases, inorganic liquids, molten metals, and organics to choose from. 

A structural safety factor (ratio of the yield stress to the total 

stress in the material) must be employed. The probability of leaks 

is greatly increased with the introduction of inelastic deformation, 

so the safety factor must be greater than unity. The cost of the 

design is going to be significantly increased due not only to the 

the increased complexities of the design, but also because work will 

be required to pump the coolant, and the cost of the coolant itself 

may be significant. The replacement and repair of the device will 

be more difficult. The thickness of the material between the surface 

and the coolant will have to be thin enough to take advantage of th e 

coolant, but thick enough that it's lifetime isn't significantly 

reduced due to the erosive actives of surface effects. This may be 

the most difficult of all of the coolant considerations to cape 

with care must be taken not to exceed the burn-out heat flux. 

Finally it should be noted that the "armour" may need to be the first 

wall itself if internal coolants are employed. 



74 

I didn't spend too much time choosing a coolant. Water is 

not only highly available and has essentially no cost, but has a 

relatively good heat transfer coefficient, requires relatively little 

pumping work in relation to the heat it removes, and water has been 

throughly documented. It isn't terribly corrosive. The following 

table lists heat transfer coefficients, for various categories of 

coolants, and the ratio of required pumping work to the amount of 

heat removed normalized to 1.0 for water. Organics have been known 

to break down 

TABLE Bl 

Coolant Performance in Fission Power Reactors 

Coolant h Btu/hr ft °F W/q (relative) 

Light and heavy water 5000-8000 1.0 

Organic liquids (polyphenyls, etc.) 2000-3000 4-10 

Liquid metals (sodium, sodium-potassium A/JOO-IO Q O O O_ 7 

alloys, etc.) ' Gases (He, CO,, N-, air, etc.) 10-100 ^lOO 

at relatively high temperatures, liquid metals are particularly corrosive, 

and gases have poor thermal performance. 

Heat Transfer Coefficient: 
The heat transfer coefficient can be calculated from one of 

several correlations. For large temperature drops across the surface 

film layer, the best-known correlation is probably the Sieder-Tate 

equation for flow in circular tubes: 
- _ n . M 0.14 „ **•, „ 0.8 _ 0.4 w Nu =» 0.023 Ro Pr — 

o 
where Nu is the Nusselt number, Re is the Reynold's number, Pr is the 
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Proudth number, and u and u are the viscosities of the water at 
w o 

the wall temperature and bulk temperature respectively. N , R , 
pVD hD C u u e 

e e n o 
and Pr are defined by Re » , Nu • -=- , and Pr « - 5 — , where 

V is the coolant velocity, p is the coolant density, C is the 

specific heat, K is the thermal conductivity, De is the equivalent 

diameter of the coolant passage, and h is the heat transfer co­

efficient. For flow in non-circular ducts, De is given by 

De => 4Ac/p where Ac is the cross sectional area of the flow channel 
18 and P is the wetted perimeter of the hammel. 

A correlation has been developed for tubes with internal 
22 twisted tapes to enhance heat transfer. It is given by 

,. _ 2.18 0.023 X + GVV. ' G 0.09 , .2/3 „ 0.2 y (pr) Re 

where G is pV, the mass flow rate per unit area, y is the tape-

twisted ratio defined by 180 twist axial length divided by De. 

Presumably, if large temperature drops occur across the wall 

surface film layer, one should multiply this correlation by the 
u w 0.14 

Sieder-Tate fraction — 
P b 

The heat transfer coefficient is given as a function of 
coolant temperature in the table below with y - 2.5, De » 10mm, 
L - 1.0 m, and pressure of the coolant set at 2000 psia. I've 
also assumed a wall temperature of 800 K 



TABLE 

HEAT-TRANSFER COEFFICIENT VS. COOLANT VELOCITY AND TEMPERATURE 

T °R hT.T hS.T. ^ . T . hS.T. hT.T. hS.T. 

683 293 64,900. 37,400 113,000 65,100 156,000 90,000 
400.835 223,500 110,000 389,000 191.000 538,000 264,000 
488.905 138,000 240.000 332,000 
600.949 138,000 241,000 332,000 

T.T = twisted tape heat transfer coefficient assuming that 

the Sieder-Tate factor is used [u/K - °K] 
2 

h = Sieder-Tate heat transfer coefficient [w/y - °K] 
Dai.* 

I chose a pressure of 2000 psi because water has a high saturation 
temperature at high pressures, which would essentially allow me 
to much less cautious ab̂ 'it burnout, and the viscosity, (and con­
sequently u ) is higher at higher pressures, which increases the 

w 

heat transfer coefficient. 

While swirl tubes drastically increase the heat transfer 

coefficient, they would add to the cost of the system. It is 

doubtful that they will be required for the reference heat flux 
2 but if future beam heat fluxes are more than 10 yw/cm , then 

swirl tubes might be employed. 

Thus, for calculations and input for TRUMP I used the following 
w heat transfer coefficients: at V • 70 u/sec, h • 73,500 » _ o R; 

_ m 
at V = 60 m/sec, h = 1.28 x 10 -s- 2 ; and at V - 90 m.sec, 

m 2 - °K 
h = 1.77 x 10 5 -=-£ 

mZ - °Y 
m — r» 
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PRESSURE DROP 

The pressure drop Ap may be calculated using the Darsy formula: 

* L« Sid. 
Ao a f :r~ •S— 

w De 2qc 
where f is the friction factor and qc is a conversion factor, 

8 l b m ~ f t 

qc = 4.17 x 10 -rr—•- ,-.^ • The friction factor depends not only 
f 

on the Reynold's number of the coolant, but also on the rough *••: 

of the tubing material f may be found from either the Mooij iction 

factor chart, or, for smooth tubing, f is given approximately by 
0.25 

0.184 w o 
Re w 

Since f and p and consequently Ap are functions of temperature, 

ideally the pressure drop should be evaluated at small intervals 

along the length of the tubing ans summed together. I used the 

average temperature of the coolant along the tubing length to 

evaluate f, p, land. Ap. I also assumed that the roughness of the 

tubing corresponded to that of drawn tubing. 
Pumping Work: 

The pumping work required due to pressure losses is given 

by 
H v 3 

W = ApAcV - f — p ̂  Ac 

Increasing the velocity may aid the heat transfer coefficient, 

but it increases the pressure drop ans pumping work to an even 

greater degree. 
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Burn-Out 

The burn-out heat flux and its measurement have been the 

subject of much study. Burn-out, or boiling crisis, occurs when 

the heat flux through the tubing walls (or the temperature diff­

erence between the channel wall and the bulk coolant) exceeds a 

"certain" value; the temperature of the tubing wall may suddenly, 

drastically increase, posssibly causing ruptura of the tubing, due 

to either melting or thermal stresŝ -; or both. This certain value 

is called the "burn-out heat flux", ;^i ciccurs at the departure 

from boiling, ANB. If 6, the mass fow rate, is too small, 

the channel wall temperature may become too high. If 6 is too 

large the pressure drop may be exceedingly large, causing a 

drastic lowering of the bulk saturation temperature. 

One must be careful about the magnitude of the mass flow 

rate. 

There are several correlations available to calculate the 

critical heat flux for subcolled flow. One, called the ANL Cor­

relation is given by 

" r G M t* - A 2 2 qc = C — r (t .. - t, ,, ) n ._& sat bulk 
where t , t, ,. are the saturation and bulk temperatures in F sat bulk r 

respectively at the point of burnot and c and m are constants 

depending on the pressure of the coolant. The mass velocity 

range covered by the above correlation is 0.96 x 10 to 7.8 x 10 

lbn/ft - hv, and the range of si ooling is 5.5 to 163 F. 

Another correlation, the Raussar correlation, is given by 

qc" = ^ + D 2V(t s a t - t b u l k) 
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where D., and D, are constants: D. • 8.34 x 10 -̂ y and 
3 J m 

D„ = 8.31 x 10 —~ . According to Raussor, this equation 
m - C 

is valid for subcooled flow in the range V(t - t, ..) >_ 850°C m/sec, 

i.e. for high velocity and high subcooling conditions. Other 

correlations may be found in Ref. 18 and 22, but the Raussor 

correlation seems adequate for our purposes. 

As an example let us calculate a hypothetical pressure drop, 

pumping work, and burn-out flux, using V « 60 m/sec p = 2000 psi, 

an average bulk coolant'.temperature of 375°K, L » 1.0 m, D =10 mm, 

First, the pressure drop must: be calculated and the corresponding 

T at the end of the tube must be found. I found the Reynold's 

number to be 2.02 x 10 , which for drawn tubing gives f = 0.0135. 

Using the Darcy formula for the pressure drop, I found Ap = 339 psi, 

which temperature is 375°K. Since the average bulk temperature 

is 375 K, the exit bulk temperature would be, assuming an inlet 

temperature of 300°K, 450°K. Thus, the burn-out heat flux would 

be, using the Raussor correlation, 

qc" = 8.34 x 10 6 + (8.31 x 103)(60)(594 - 450) 

= 8.01 KW.cm2 

The reference heat flux would not exceed the burnout heat flux. 

The pumping work required would be 

W a A p I | ! v = (315)* «>-03281)2 (196.9) 

. 7551 H^JS. sec 

10.2 KW 
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One must remember though that heat Is being removed at a rate of 
2 about 7 KW/cm so less than 10 kW would be actually required by 

outside systems. 
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APPENDIX C 
PHYSICAL PROPERTIES 

w Graphite Mo SIC 

T °K K Cp K Cp K Cp K Cp 

293.0 164.8 134.9 180.0 72.1 132.1 256.6 173.0 680.0 
400.0 156.6 138.1 173.8 994 126.7 261.1 152.9 783. 
600.0 136.9 138.1 121.4 1405 118.0 273.9 116.4 927. 
800 119.8 138.4 73.5 1656 111.8 286.3 80.0 1040. 
1000 110.4 148.3 62.8 1792 109.0 292.3 56.0 1117. 
1500 99.9 155.6 50.2 2008 105.3 327.2 21.4 1340 
2000 96.1 159.0 50.2 2109 104.7 338.9 15.0 1566. 
2500 94.0 159.0 50.2 2183 104.7 338.9 15.0 1677. 
3500 93.5 159.0 50.2 2238 ' 104.7 338.9 15.0 M.740. 
4000 93.5 159.0 50.2 2601 

P 19,295.0 2159. 10,213 • 3100. 

T melt 36 43 3873 2883 2973 

[y] W [y] m - °K 
[Cp] - [J/Kg] 
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W Graphite 
a E 6_ tens 6 6 [10 comp y ,74] a E 6\ tens 6 6 comp y 

293 4.7 40.7 193 152 2.6 1.1.7 2.0 3.38 
500 4.8 40.0 139 3.0 1.18 2.03 3.45 
1000 5.1 38.7 68 3.9 1.20 2.14 3.76 
1500 5.8 36.0 30 4.3 1.27 2.41 4.14 
2000 6.8 31.9 8 4.8 1.59 2.74 4.65 
2500 8.0 26.2 2.0 5.0 1.65 3.38 5.52 
3000 9.8 15.5 1.0 5.4 1.59 
3500 11.0 7.4 1.0 5.5 1.45 
4000 12.2 6.0 1.0 5.7 

v 0.28 0.23 

[a] = [10"6/K°] 
[E] = [1010N/m2] 
[6] = [107 N/m2] 
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SPUTTERING YIELDS VS. ENERGY 

0.5 

Tungsten 

Craphite 

Moly 

Sit 

Tungsten 

Graph-", te 

Moly 

Si£ 

1.0 " 
a 

0.00072 

0.0029 

Tungsten 0.0069 0.01 

Graphite 0.067 0.11 

Moly 0.031 0.051 

Sil 0.15 

3.0 5.0 10.0 20.0 30.0 50.0 

0.00095 0.00093 0.00089 0.00079 0.00070 

100.0 200.0 500.0 3500 

0.03 

0.0037 

0.015 

0.13 

0.15 

0.12 

0.15 

0.05 0.05 0.04 0.02 0.01 

0.0062 0.01 0.0079 0.0046 0.0026 0.0012 

0.015 

HT 
0.00023 0.00029 0.00032 0.00038 

0.024 0.018 0.009 

0.0017 0.0024 0.0028 0.0036 

0.009 0.006 

0.006 0.003 0.002 

He 

0.095 0.073 0.07 0.06 0.05 

14.1 MeV Neutrons 
oo 
CO 



0.5 3.0 

Tungsten <0.011 

Graphite M.0 

Moly 

Sil ^10~ 4 

Tungsten 0.9 1.61 %2.9 

Graphite 0.35 0.36 0.37 

Moly 

Sil 0.54 0.64 

APPENDIX D (Part I Cont'd) 

5.0 10.0 20.0 30.0 50.0 100.0 200.0 500.0 3500 

Self-Sputtering 

V3.4 ^4.0 ^4.5 -v.4.6 ^4.9 

0.38 0.39 0.40 0.41 0.40 

^2.0 '̂ 2.2 

00 
•c-
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APPENDIX D (Part II) 
WALL EROSION AND PLASMA IMPURITY CALCULATIONS 

TUNGSTEN: 
SPUTTERING: First, we must know the fluxes anticipated at the 

armour. Kulciuski gives fluxes for UWMAK as 

SPECIES FLUX [cm"2 - sec"1] ENERGY [KeV] 
D + 6.A x 1 0 1 3 23 
T + 6.4 x 1 0 1 3 23 
He + 4.7 x 1 0 1 2 23 
He* 1.7 x 1 0 1 1 100 
n 9.4 x 1 0 1 3 >10,000 
n 3.4 x l O 1 4 100 - 10,000 
+ 12 

Fe 2.5 x 10 23 
Important plasma parameters Includes: 
PLASMA DENSITY 8 x 10 1 3/cm 3 

PLASMA TEMPERATURE 11 keV 
CONFINEMENT TIME 14 sec 
MAJOR RADIUS 13 m 
MINOR RADIUS 5 m 
FIRST WALL MATERIAL 
DIVERTOR - POLOIDAL, DOUBLE NULL: 90% EFFICIENT 
POWER 5000 MW 
FRACTIONAL BURNUP 7.2% 
In Ref. 40., TFTR fluxes and parameters are givea as 

SPECIES FLUX [cm"2 - sec"1] ENERGY (keV) 
-+ - 3 
T + 8 x 1 0 1 5 3 

FLUX r "2 [cm sec • 

8 X 1 0 1 5 

8 X 1 0 1 5 

5 X 1 0 1 2 

2 X 1 0 1 3 

5 X 1 0 1 2 

n 5 x 10 x 14,100 
n 2 x 1 0 1 3 thermal - 14,100 
a 5 x 1 0 1 2 3,500 
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PLASMA DENSITY 5 x 1 0 1 3 cm' 3 

PLASMA TEMPERATURE 5.0 keV 
MAJOR RADIUS 2.5 m 
MINOR RADIUS 0.85 m 
CONFINEMENT TIME V).2 sec 
FXKST-WALL MATERIAL Stainless steel 
DIVERTOR None 
POWER 3 1 w/cm 
FRACTIONAL BURNUP 

Plasma Flux: 

3.29 x 1 0 1 0 

1.19 x 10 8 

9.4 x 1 0 1 0 

3.4 x l O 1 0 

12 3.75 x 1 0 x z 

4.03 x 1 0 1 2 atoms 4.03 x 1 0 1 2 

cm z - set 

Now we simply multiply the flux by the sputtering yield at 
the energy of interest, assuming uniform fluxes upon the armour. 

D + (6.4 x 10 1 3)(7.7 x 10~ 4) - 4.93 x 1 0 1 0 

T (6.4 x 10 1 J)(7.7 x 10 )(1.5)- 7.40 x 1 0 i U 

He + (4.7 x 1012)CMD.007) 
He + (1.7 x 1011)(^0.0007) 
n (9.4 x 10 1 3)CviO - 3) 
n (3.4 x 10 1 4) ( M O - 4 ) 
Fe (2.5 x 10 1 2)<M..5) 

_3 20.2 x 10 mm/yr 

Neutral Beam: 
2 

For a 10 Kw/cm neutral beam, the flux fo particles is about 17 -2 -1 6.25 x 10 cm sec , assuming that the average energy of the 
beam particle is about 100 keV. If the beam undergoes 98% attenuation 
by the plaoraa, then ita magnitude at tho armour would be 1.25 x 10 
-2 -1 cm - sec . At 100 keV the extrapolated sputtering yield for W 

si about 4.5 x 10" for deuterium. Remembering that the incident 
beam particles will be at least at our angle of 45 to the surface 
of the armour we find that 

= (1.25 x 10 1 6)(4.5 x ID" 4) _ = 7 i % % 1 Q 1 2 ^ ^ 2 . g e c 

beam 45 
cos 
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The neutral beam pulse times for future machines in not known 

at this time, but estimates begin at severs'', seconds. Assuming 

a beam time of 20 seconds and a cycle time of 500 seconds, the 

erosion rate by the neutral beam would be roughly 1.59 x 10" mm/yr. 

Blistering: Assuming that the range of helium ions in tungsten 

is about 1 microm and that the critical fluence for blistering is 
19 2 about 10 /cm , we find a pseudo blistering yield for He ions on 

W of 0.63. Hydrogen blistering is not expected to occur to a 

significant degree in W. Thus the erosion due to blistering is 

(4.9 x 10 1 2)(0.63) - 3.09 x 1 0 1 2 atoms/cm2 - sec 

Assuming only two monolayers are blistered off and recognizing 
that the time for the critical fluence to accumulare is ^2 x 10 sec, 

we find the total erosion in the first year of operation due to 

be 1.96 x 10 mm. "3 _ •/ 

Evaporation: Using Fig. XII, the evaporation rate of tungsten at 

900°K is completely negligible. Even for a fault condition, 

allowing the temperature to approach the melting point, erosion 

due to evaporation is not significant. 

Self-sputtering: Assuming that the tungsten impurity flux will 
2 be at least a factor of 10 smaller than the 3?e impurity flux 

because of its (W's) much lower erosion rate and W will only cover 

a small fraction of the first wall area, the tungsten flux at the 

armour should be no greater than 2.5 x 10' . This yields a self-

sputtering erosion rate of 

(2.5 x 10 1 0)(4.5) = 1.13 x 1 0 1 1 atoms/cm2-sec = 5.6 x 1 0 - 4 mm/yr 
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Totals: For the first year of operation we would have a total 
-2 -2 

erosion of 1.94 x 10 mm and for successive years, 1.79 x 10 mm/yr, 
assuming that the reactor is "up" 80% of the year. 

Graphite: Going through the same process for graphite we arrive 

at an erosion rate of 0.0671 mm in the first year and 0.0655 mm/yr 

in successive years. Chemical sputtering accounted for about 15% 

of the total erosion for graphite. I briefly recount my calculations 

below: 

SPUTTERING 

Blistering: 

He 

He 4 

n 

n 

Fe 

C 

(6.4 x 1013)(0.05) = 3.2 x 1 0 1 2 

(6.4 x 10 1 5) (0.05(1.5) =• 4.8 x 1 0 1 2 

(4.7 x 1012)(0.072) = 3 . 3 8 x 1 0 

(1.7 x 1011)(0.0072) = 1.22 x 10 S 

,9 

11 

(9.4 x 10 1 3)(10 - 4) 

(3.4 x 1014)(0.002) 

(2.5 x 1012)(2.0) 

(2.5 x l O 1 1 ) ^ ^ 

N p 

= 9.4 x 10 

= 6.8 x 10 11 

5.0 x 10 12 

1.0 x 10 11 

14.1 x 10 

,23, 

12 atoms 
2 cm -sec 

0.0394 mm 

R V _ (10 )(6.02 x 10 ) (2.25) . , 1 3 atoms 
(Qt)c Aw " ( 1 0 1 9 ) ( 1 2 ) " particle 

A £ D L = (1.13)(4.9 x 10 12 12 2 (2) » 10.1 x 10 atoms/cm -sec 
cm - sec 

- 1.96 x 10 mm in the 
first year 

I neglected hydrogen blistering, because a blistering was shown 

to be negligible also. 
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Evaporation; Evaporation was again shown to be negligible 

Beam Sputtering: (1.25 x 10 )(0.01) » 1.25 x 10 atoms/cm - sec 

= 0.0353 mm/yr with a 20 sec 

pulse time and a 500 sec cycle time. 

Chemical Sputtering: The peak in the chemical sputtering yield 
o 47 49 curve occurs at about 600 C. ' Since for steady state operation 

the graphite would have to be cooled, the normal temperature would 

be below this. For experimental reactors the average uncooled 

graphite temperature should be at least 150 C above this, at about 

750°C. For 23 keV, D + and T + an a graphite target about 500°C 

or 700°C is about 0.03. At 400°C, the yeild drops to about 5 x 10~ , 
-3 and for lower temperatures levels off at about 4 x 10 . Conservatively, 

I chose a chemical sputtering yield of about 0.02, which, when 

multiplied by the sum of the D and T fluxes, yields an erosion 
_3 rate of 7.14 x 10 mm/yr. Remember that for certain designs 

these erosion totals must be increased even further because 
of angle considerations. For example, for the tube design, we 

would have to increase the sputtering erosion totals by at least 

a factor of two. 
Note that while the TFTR has a much high anticipated flux 

than the power reactor, it isn't expected to be up anywhere neat 
80% of the time. Indeed, Ref. 40 estimates the maximum erosion 

-4 of the first wall to be less than 10 mm for the total life of 

the experiment. 



90 

FIGURES 
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FIOURE 1 

Cube-on-plate design, showing region of greater exposure to heat flux. 
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FIGURE 2 

Cube-on-plate design which avoids the region of greater exposure to heat flux. 
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FIGURE 3 

Wedged surface design. 
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Coolant passage 

FIGURE 4 

Wedged surface design with internal cooling. 

Maximum temperature 
regions . Coolant passage . 

FIGURE 5 

Internally-cooled rectangular ducts. 
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FIGURE 6a 

Effect of series of attenuated neutral beam pulses on the temperature of a tungsten plate. 
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FIGURE 6b 

Effect of series of attenuated neutral beam pulses on the temperature of a graphite plate. 
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Maximum allowable heat flux vs. 
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Maximum allowable heat flux vs. pulse time for a graphite plate. 
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FIGURE 8a 

Thermal stress vs. thickness under unattenuated flux on tungsten plate. F= 5.5 KW/CM 
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FIGURE 8b 

Thermal stress vs. thickness for attenauted flux on tungsten plate 
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FIGURE 8d Thermal stress vs. thickness for attenuated flux on graphite plate. . F= 0.26 KW/CM 

o to 



+5 --

6 (108 N/M 2) 

-10 -

-20 -

-30 -

Transverse stress 

Backing plate 

Axial stress 

6«:a- ~ 2 9 x 1 0 

FIGURE 9a 
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Thermal stress vs. thickness for F= 4.6 KH/CM for tungsten cube 
(1 cm X 1 cm X 1 cm) on tungsten backing plate. 
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FIGURE 9b 
2 Thermal stress for F= 0.184 KW/CM on tungsten cube (1 cm X 1 cm X 1 cm) on tungsten 

backing plate. 
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FIGURE 10 
Stresses in tungsten tube. D« 10 mm, p= 2000 psi, F= 7 KW/CM 
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FIGURE 12. The igni­
tion condition for a 
D-T reactor with 
various concentrations 
of high-Z molybdenum 
and tungsten impurities. 
The vertical bars indi­
cate the temperature 
at which the ions of 
nuclear charge Z are n 
ionized to helium­
like states. 25 
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FIGURE 13. The Lawson Condition for a D-T reactor with various high-
25 Z impurity concentrations. 
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FIGURE 14. Critical impurity concentrations and the corresponding 
Z -- for a D-T fusion plasma. 
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FIGURE 16 Graphite plasma impurity fraction vs. time for a fusion power reactor. 
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FIGURE 18. Thermal conductivity changes of graphite measured at the 
49 irradiation temperature. 
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FIGURE 21. The ultimate tensile strength .for irradiated and control 

samples of molybdenum. Dashed lines connect results where irradiation 
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45 results that differ only in test temperature. 
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FIGURE 22a. Brittle fracture produced in Mo-0.5% Ti by neutron irradi­

ation. Irradiation in EBR-II to 3 X 1 0 2 2 n/cm2 at 425°C. 4 5 



19 2 FIGURE 22b. Effect of neutron irradiation <5 X 10 n/cm ) on 

tensile properties. 12 
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FIGURE 26. Tensile creep of ATJ Graphite oriented with the grain. 
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FIGURE 27. Stress concentration for flat plates. 


