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5 ANALYSIS AND ENGINEERING SCALING OP SOLID BREEDER BLANKETS 

S.l Introduction 

A full technology development program encompasses tests ranging from 
property measurements to component verification. The Integrated or component 
tests are particularly Important since these are the first opportunity to 
verify the design concept and performance under full or near full operating 
conditions. This Is a crucial step 1 identifying unknowns or unexpected 
behavior, and reducing the safety, economic and poss'.bly political risk In 
committing to commercial production and operation. 

However, the cost of a fusion reactor to test breeding blankets under 
commercial reactor conditions Is very high. This makes It necessary to 
consider how the test requirements can be relaxed while still meeting the need 
for breeding blanket performance md lifetime verification. 

5.1.1 Objective 

In this chapter, the limits under which full component behavior can be 
achieved under changed test conditions are explored. In particular, such 
tests mist be designed to act like the real module in a full device in order 
to bring out actual blanket performance and unknowns. 

Th-fs involves determining important phenomena, considering hi>w these 
could be retained under scaled test facility conditions and identifying 
conflicts between preserving the different phenomena. Alco, although hard to 
quantify, a healthy respect must be retained for the many unknown or uncalcu-
lated effects. Issues to be addressed include, for example, the loss of 
information as test conditions are changed, the relative importance of the 
various test facility parameters, and the differences between tokamaks and 
mirrors as test facilities. Ultimately the analysis leads to requirements, 
for the integrated testing of solid breeder blankets, on both the test faci
lity and the test articles. 

The characterization of these test requirements for integrated testing, 
combined with the other needs identified in Chapter 4, contributes to the 
overall test matrix and test plan for the understanding and development of 
fusion nuclear technology. 
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5.1.2 Engineering Scaling 

Although routinely done in modern industry, Identifying a test program to 
take a concept from ocicitific possibility to commercial reality is nore an 
art than a science. There is no definitive Methodology or theory for perform
ing this task. A general description of the approach developed in this 
chapter is given below, along with the terminology adopted, as applied to the 
testing of fusion blankets In a test device. 

Device parameters are the characteristics of the test device that tffect 
the behavior of the test nodule,, Major device parameters, with a ctrong 
influence on blanket te&t module conditions and test device cost, include: 

- Burface heat flux; 
- neutron wall load; 
- neutron fluence; 
- minimum continuous operating tine; 
- burn/dwell times; 
- available test surface area; 
- available test volume depth; 
- steady magnetic field strength; 
- transient magnetic field strength. 

These parameters will drive the test module into some operating condi
tions or blanket conditions (e.g., temperature, stress, tritium generation 
rate, accumulated swelling) and may activate blanket phenomena (e.g., sinter
ing of solid breeder, generation of global eddy currents in liquid 
breeders). Reference conditions includes the device parameters, utanket 
conditions and blanket phenomena under normal operation of the full component 
in a commercial reactor. 

Models or parametric relations may be developed relating device parame
ters, blanket conditions and blrnket phenomena. For example, the first wall 
temperature rise, BT (a blanket condition), due to surface heating, q (a 
device parameter), is given by the parametric relation AT, - q d _'k, where ^ 
d f w is the first wall thickness and k its thermal conductivity. 

A scaled test is a particular test module design that seeks to preserve 
aspects of reactor blanket behavior (conditions or phenomena) under non-
reference operating conditions. Such tests are used whan full operating 
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conditions (e.g., 5 MW/m neutron wall load) are not available and/or when the 
conditions can be achieved but only in a reduced volume (e.g., wind tunnel 
tests of aircraft aerodynamics). This may L-a accomplished, for example, by 
reducing all test module dimensions. Other methods are given in Table 5.1-
1. There Is often no unique scaled test, It depends on what is considered 
important and on the methods for preserving these. A set of scaled test 
options or scaling options nay be identified. 

Engineering scaling is the process of developing a scaled test. This 
process is based on: 1) Identifying important features (conditions or pheno
mena) worth preserving; 2) understanding the relationships between the device 
parameters and the blanket features; 3) evaluating methods for preserving 
these features under changed device parameters; and 4) balancing conflicting 
requirements for test conditions. This process leads to an understanding of 
how the usefulness of a test changes with device parameters. It may be 
possible to Identify test requirements, or limits on how far the device 
parameters can be changed before the tests IOBB their value. TheEJ indica
tions of test usefulness and test requirements can then be balanced against 
the test cost to determine an optimum test program. 

5.1.3 Reference Blankets 
In order to quantify the usefulness of scaled tests and determine test 

requirements, it is necessary to consider specific blanket designs. These 
need not be considered in the sense that they represent the best designs, or 
even proven workable designs. Rather, they serve as tools to identify the 
problems of scaling plausible solid breeder blankets so as to reproduce the 
reference component behavior in a scaled test. 

In the Blanket Comparison and Selection Study,* ' a large number of 
potential blanket designs were considered and the characteristics of the 
better candidates identified. Based on this study, two representative solid 
hreeder blankets were chosen as "reference" designs. These are a I^O/He/HT-9 
and a LiAl02/H20/PCA/Be design, as described in Appendix D. Figures 5-1—1 and 
-2 illustrate these designs for tokamaks. Small modifications are necessary 
for mirrors that do not affect the design concept. These blankets cover a 
range of design features of general interest, such as plate versus breeder-
outside-tube geometry, that are summarized in Table 5.1-2. It is hoped that 
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basing calculations on chese blanket designs, as necessary to quantify 
results, will lead to conclusions on engineering scaling and teat requirements 
that are applicable to a large class of candidate solid breeder blankets. 

5.1.4 Organization 

The remainder of this chapter is organized iato four sections plus a 
summary. The purpose of Section 5.2, Analysis of Blanket Behavior, Is to 
understand the conditions and phenomena that may occur under reference condi
tions. Potentially important phenomena are identified and analyzed were 
possible. For those that are considered, the modelling, limits of applicabi
lity and results for reference conditions are given - particularly the signi
ficance of the effect. 

In Section 5.3, Requirements for Scaled Testing, the variation of pheno
mena and conditions vlth a United number of device paraneters or other 
factors is considered through the models or parametric relations just esta
blished. The purpose is to understand the changes under scaled test condi
tions and whether there are methods that will preserve the effect. Transi
tions in behavior and gradual loss of relevance between the test article and 
full component performance lead to requirements on the test conditions. 

However, the test requirements cannot be considered in Isolation. For 
example, modifications to preserve some aspect of breeder behavior nay also 
affect the first wall behavior. To identify conflicts and understand the 
nature of the scaled test article, the parametric design of a test module is 
considered In Section 5.4, Test Module Design. This is not a detailed design, 
but rather identifies the general features of a test module, based on the 
scaling approaches from Section 5.3, under arbitrary device parameters. 

The test requirements are examined collectively In Section 5.5, Engineer
ing Scaling. The importance of finding the "unknowns" is emphasized. Con
flicting requirements may be resolvable by alternate scaling methods, or may 
be fundamentally irreconcilable and lead to multiple test modules or addition
al limits on the device parameters• The results of the chapter are summarized 
to determine an overall sense of the test facility requirements for conducting 
useful integrated tests of solid breeder blankets. 
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Table 5.1-1 Methods for Scaled Testing 

Method Examples 

Adjusting dimensions Decreasing size to reduce test 
volume requirements 

Adding impurities Fissile material to enhance heating 

Changing the isotope composition Li enrichment to enhance tritium 

Changing the material Substituting high swelling alloy to study 
swelling interactions 

Varying inlet conditions Coolant temperature, pressure, 
flow rate, composition 

Varying boundary conditions Structural support rigidity; 
Location of neutron reflectors, 
multipliers and absorbers 

Adding active hardware Neutral beam surface heating; 
Resistive bulk heating; 
Local magnetic field ..oils 

Altering basic design features Cylindrical pellets rather than blocks 

Pre-processing of the component Prior irradiation in a fission reactor 
to simulate high fluence conditions 
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Table 5.1-2 Solid Breeder Reference Blanket Characteristics 

Ll20/He/HT-9 L1A102/H20/PCA/Be 

Breeder Lithium oxide 
- high swelling 
- L10T formation 
- high T diffualvlty 

Layered 
Collapsed clad 
Sintered blocks 
No multiplier 
Natural lithium 
Plate breeder-and 
coolant channels 

Radial coolant flow 

Ternary ceramic 
- low swelling 
- accumulation of metal oxides 
- low T diffuaivity 

Breeder-outside-tube 
Rigid structure 
Sphere-pack 
Beryllium multiplier 
Enriched 6Li 
Double-walled tube 
coolant channels 

Axial coolant flow 

Coolant Helium Hater 

Structure HT-9 ferrltic steel 
- low swelling 

PCA austenitic steel 
- low magnetic field 

interaction 

First wail - Lobe 
- Azimuthally cooled 

(symmetric) 
- Grooves in tokamak 
- Finned channels 
- First wall coolant also 

cools breeder region 

Lobe 
Azlmuthally cooled 
(asymmetric) 

Grooves in tokamak 
Simple channels 
Separate first wall and 
breeder coolant flow 
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5.2 AnalyalB of Blanket Behavior 
5.2.1 Heutronlce 
5.2.1.1. Introduction 

The neutronics performance of the blanket will be characterized by the 
absolute value and profiles of tritium production, nuclear heating and radia
tion damage, i.e., atomic displacement (dpa), hydrogen production and helium 
production rates. Absolute values ate important since they determine the 
fluence lifetime of the blanket, and since some processes such as the ewelllng 
or creep rate are dependent upon flux. Profiles are Important since they may 
lead to Interactions between different regions, or becauBe different phenomena 
have different profiles. For example, He production is more dependent on high 
energy neutrons than dpa so will attenuate faster In the blanket, potentially 
affecting any structural behaviour that is sensitive to the He/dpa ratio. 

Detailed results for the overall blanket neutronics performance are given 
in Appendix D, including neutron and gamma ray spectra in the blanket, total 
tritium breeding ratio, energy multiplication, as well as the parameters 
mentioned abuve. 

Two representative solid breeder blankets were considered: tbe GA LljO-
hellum-cooled blanket with ferritlc steel (HT-9) structure, Li 20/He/FS,* 1' and 
the BCSS L1A10 2 water-cooled blanket with ferritlc steel structure and beryl
lium neutron multiplier, LiAlOj/HgO/FS/Be/ 1' Since natural lithium Is used 
In th.= Ll20/He/FS blanket, Its heating and tritium production rates will be 
sensitive to both high and low energy neutrons. However, the LlAlC^/H^/FS/Be 
blanket contains enriched lithium (90?°Li enrichment) and beryllium, so the 
heating and tritium production will be controlled by the low energy neutrons. 

It may be noted that the reference LiA10 2 blanket uses PCA steel for 
structural material. Howevera the neutronics performance of the blanket will 
not be affected by the replacement of PCA by HT-9 except with respect to 
certain damage indicators. PCA contains nickel, which will result in slight 
increase (about 30%) In the helluir. and hydrogen production rates in the 
structure. 

A tokamak reactor is considered as a reference reactor throughout this 
section. The neutronics parameters will be slightly affected by reducing the 
device size from the tokaraak tD a mirror reactor, and by differences in the 
first wall thickness. 
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The outline of this section Is as follows. Methods of analysis and 
modelling assumptions are described In Section 5.2.1.2. A one-dimensional 
model Is used here. In Section 5.2.1.3, the tritium production rate is 
described, and the differences between the two reference blankets shown. 
Section 5.2.1.4 shows the nuclear heating rate. The Importance of high energy 
neutrons Is appreciable for the heating rate in the LlnO blanket as compared 
to that in the LiAK>2 blanket. The first wall thickness effect Is snail for 
both the heating and tritium production rates. The radiation damage Indica
tors are discussed In Section 5.2.1.5. Since the damage parameters are energy 
sensitive, these profiles reflect the distribution of the high anergy neutron 
flux. 

3.2.1.2. Calculatlonal Method 

The neutronics calculations were performed with one-dimensional cylindri
cal model of the blankets. The material arrangement of the LijO/He/FS tokaaak 
blanket is shown in Fig. 5,2.1-1, The first wall is a curved, 10.8 in thick 
HT-9 composite structure, which was homogenized over the eorresronding one-
dimensional region. In the breeder zone, the LlgO plates, cladding, and 
nodule side walls were also homogenized. The assumed density of L1 20 is 85Z 
of the theoretical value. Stainless steel (type 316) is used for the shield 
material. No coolant was assumed in the shield, but this does not affect the 
results. Since the shield thickness was decreased to 30 cm, a 307 albedo 
condition was Imposed at the shield outer surface In the radiation transport 
calculation to compensate for the increased leakeage. The detailed atonic 
density of each region le givett in Table S.2.2-1 of Appendix D. 

The corresponding material configuration of the UAlOj/H^O/FS/Be blanket 
is shown in Fig. 5.2,1-2. The first wall material is similar in both the LigO 
and LifclOj Wankets, but the volume fraction of the material in the LiA102 

blanket is about twice as much as compared to that in the LijO blanket. The 
water coolant channel requires thicker walls due to the higher coolant pres
sure. The breeding zone 1B broken into three sobzones, Blanket 1, Blanket 2 
and Blanket 3. Blanket 1 contains 45 volume % beryllium neutron multiplier at 
87% theoretical density (TD), with a small amount of L1A102 at 872 TD. The 
shield material Is Fel422, which Is selected because of its low activation 
level. The water cooling concept resulted In relatively high volume fractions 
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HT-9 0 . 1 5 
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273 321 343 373 

Figure 5 . 2 . 1 - 1 One-dimensional Model for the LioO Helium-Cooled 
Tokanak Blanket w i t h HT-9 S t r u c t u r e (LijO/He/KS) 
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(* LlAlOj Is 87% T.O., OX 6L1J + He Is 877 T.D.) 

Figure 5.2.1-2 One Dimensional Model for the LlalO,/H,0/FS/Be Takamak Blanket 



of stucture and coolant in the breeder. Neutrons will be lost also through 
oxygen and aluminum reactions in the breeding material. To keep the required 
tritium breeding ratio, a LI enrichment of 90% is assumed. The detailed 
atomic density of each region Is tabulated in Table D.2.6-1. At the outer 
surface of the shield, a 30Z albedo condition was imposed in the radiation 
transport calculations. 

The neutronics analyses were performed by one dimensional S N code 
ANISN^ using 41 group (25n-21q) crosa-sectlon library. The group structure 
of the cross section is tabulated In Table D.2.1-1 in Appendix D. The library 
data was collapsed from the VITAMIN-C/DLC-41B library"', which were derived 
from the ENDF/B-IV nuclear data library.^ ' The ANISN calculation was done 
using 8 discrete directions (Sg) and the third order Legendre expansions (Pj) 
in the cylindrical geometry. All results were normalized to 5 MW/m wall 
load. The one dimensional calculation method is well established, so errors 
originating from the calculatlonal method are very small. The main sources of 
errors in the results are modeling of the blanket system, and cross-section 
data used in the analysis. It is expected that one-dimensional modeling of 
the multidimensional system will give rise to relatively large errors in the 
local profiles as compared to the cross-section data uncertainties. However, 
evaluating this error is very difficult. 

•5.2.1.3. Tritium Production Rate 

Profiles for the total tritium production rate and the contributions from 
6Li and 7Li on the Li20/He/FS blanket are shown In Fig. 5.2.1-3. Note that 
the reference blanket of Fig. 5.2.1-1 has a 10.8 rati thick firBt wall (with an 
18% structural volume fraction). Near the front edge of the breeder, the 
contribution from the Ll(n,n'a)T reactions Is about one-third of the total 
tritium produclton rate. Its fractional contribution decreases gradually with 
increasing depth because this reaction takes place through high energy neu
trons; hence its reaction rate directly reflects the high energy neutron flux 
attenuation. Consequently, Li reactions becomes more Important with increas
ing depth. 

The contribution from "Li to the total tritium production is 772. The 
atomic de. tty of "LI in the breeder is 7.4% of the total lithium density. It 
means the burnup of Li proceeds about 40 times as fast as that of the Li 
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atoms. Figure 5.2.1-4 shows burnup rates of lithium nuclei through the 
tritium producing reactions. At the front edge of the breeder, the burnup 
rate of 6Li Is 7X/yr at 5 Mf/m2. 

In order to analyze the effect of different first wall designs on the 
tritium production rate, the first vail thickness was decreased to one-third 
of the orlgircl thickness. Results for the total tritium production rate is 
shown In Fig. 5.2.1-3. The tritium production rate was increased by f 6%, 
while the relative profiles were scarcely affected. Consequently the above 
discussion for the 10.8 mm first wall case is still valid. 

Figure 5.2.1-5 shows the corresponding profit of total tritium produc
tion rate in the LiA102/H20/Be/FS blanket, and Fig. 5.2.1-6 shows the burnup 
rate of lithium nuclei. Due to the 90% Li enrichment and the softer energy 
spectrum from the neutron multiplier, the total tritium production is almost 
completely dominated by Li. Since each blanket zone has different material 
compositions, the profile for the total tritium production rate is discontin
uous at the zone boundaries. Although the volume fraction of the LiAlO? in 
the Blanket 1 region (mostly multiplier) Is very small, its contribution to 
the total tritium production is very high. The neutron flux is enhanced by 
Be(n,2n) reactions in the Blanket 1 zone, and suppressed in the Blanket 2 zone 
by the absorption by Li nuclei (see Fig. 5.2.1-6.). This resulted in rela
tively low tritium production rate in Blanket 2, Note that a very high volume 
fraction of L1A102 was assumed there. The highest lithium burnup rate is 
observed at the front edge of Blanket 1, as much as 55%/yr. 

5.2.1.4. Nuclear Heating Rate 

Profiles of the total nuclear heating rate and the contributions from 
neutron and gamma ray heating are shown in Fig. 5.2.1-7 for the Li20/He/FS 
blanket. The heating rate in the first wall is smaller than in the breeder 
because of the 18X first wall structural volume fraction. The actual heat 
deposition in the first wall structure is f 46 W/cm at the front edge of the 
first wall. The gamma ray heating rate is about twice as high ag that of 
neutrons in the first wall. 

In the breeding zone, the contribution from neutrons is about four times 
as high as that from gatmea rays. However, the relative profiles of the 
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neutron and gamma ray heating rates are similar to each other. When the 
gradient of the total heating rate in the breeder is compared with that of the 
tritium production rates from "Li and Li, which represent the attenuation of 
low energy neutrons and nigh energy neutrons, respectively, the heating rate 
is seen to attenuate faster than the Li tritium production rate but Blower 
than the Li rate. If the Li rate is multiplied by a factor of four and 
added to the Li curve in the Pig. 5.2.1-3, this reproduces the shape of the 
heating rate profile as shown In Fig. 5.2.1-6. This indicates that et the 
front edge, most of the heating comes fron high energy neutrons, while low 
energy neutrorm dominate at the back of the breeder. 

When the first wall thickness la decreased to one-third of the original 
value, the total heating rate in the breeder is increased by f 18%, but the 
shape of the profile is not affected (Fig. 5.2.1-7). 

Figure 5,2.1-9 shows profiles for the total heating rate and the contri
bution to the total heating from gamma rays and neutrons in the LiAlC^/^O/-
FS/Be blanket. In the first wall, the gamma ray heating rate is higher than 
the neutron heating. The maximum heating rate, at the front edge of the first 
wall, is f 55 W/cnr after correction for the structural density factor. This 
is higher than the corresponding value for the LigO/He/FS because of the Be 
neutron multiplier just behind the LiAlO, first wall. 

In the breeder zone, neutron heating dominates the total heating rate, as 
was observed in the Li2<3 blanket. As with the tritium production rate, the 
heating rate profile also changes at the boundary of blanket zones 1 and 2. 
The total heating rate in Fig. 5.2.1-9 may be broken down into two components: 
a high energy neutron contribution a* indicated by the Li curve In Fig. 
5.2.1-6, and a low energy neutron contribution as indicated fvim the curve for 
total tritium production rate in Fig. 5.2,1-5. Note that gamma ray heating In 
Fig. 5.2.1-9 looks like the 7Li curve in Fig. 5.2.1-6. These profiles may be 
combined as shown In Fig. 5.2,1-10 to match the calculated heating rate 
profile. This comparison indicates that the low energy and high energy 
components contribute about equally to the total heating rate at the front 
edge. The reason is that the L1A102 blanket Is rich in low energy neutrons. 
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5.2.1.5 Radiation Damage Indicators 

Figure 5*2.1—11 shows profiles for the radiation damage parameters of 
dpa, hydrogen production rate, and He production rate for the main elements 
(Fe and Cr) of the HT-9 steel, as well as the mixture average weighted by the 
relative density of iron and chromium in HT-9, for the Ll20/He/FS blanket. 
The profiles for hydrogeti and He production rates of each element looks very 
similar. Both of these reactions with the structure material have a high 
energy threshold. The maximum values for the dpa, hydrogen and helium produc
tion rate are observed at the front edge of the first wall. The peak HT-9 
mixture values are 58 dpa/yr, 2200 ppn/yr and 620 ppm/yr, respectively. 

Since a lower material density factor (0.18) was assumed In the first 
wall, the gradient of the profiles is taore moderate than in the breeding 
zone. However, if the attenuation coefficient Y is defined by 

-Yed, 
gj - g Q e I w (5.2.1-1) 

where gp, gj are the values at the first wall front and back for the neutron-
lcs parameter of Interest (e.g., dpa), e Is the structural density 
factor (e-0.18), and «if is the first wall thickness, then the attenuation 
rate In the first wall is larger than the corresponding rate in the breeding 
zone. For example, y is 0.17 and 0.11 for the hydrogen production rate in the 
first wall and the breeding zone, respectively. High energy neutrons are 
attenuated wore effectively by HT-9 steel than by LioO. 

The dpa rate is related to the total energy deposition by neutrons, so It 
depends on both high and low energy neutrons. The profile of the dpa is mofe 
moderate than other radiation damage Indicators. The dpa rates for the 
structural elements are similar. 

Unfortunately, there are no systematic displacement cross-sections for 
Li20 or similar ceramics. However, H. Helnisch*5' estimated the spectral-
a/eraged cross-section using a method developed primarily for metals. Among 
spectra he considered, a helium-cooled lithium breeder concept may gi^e 
similar spectrum as In the present LLjO/He/FS blanket. From his estimates, 

aDPA / oT " 1 5 6 7 (5.2.1-2) 
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where <j Is the dpa cross-section and OL. IS the tritlua production cross-
section. From tills relation, the dpa rate in Li 20 at the front of the breeder 
is about 13,8 dpa/yr, using the burnup rate at the sane position in Fig. 
5.2.1-4. This is about one-third of the corresponding value for the struc
ture. 

Figure 5.2.1-4 also indicates the hydrogen and helium production rate 
from lithium through the 6Li(n,a)T and 'Li(n,n'a)T reactions. The correspond
ing contribution from oxygen is snail. So the hydrogen and helium production 
rate (per atom) for the LI2O would be two-thirds of the values In Fig. 5.2.1-
4, or 5.9 x I0 3 ppn/yr at the front of the breeder. This ia about a factor of 
three larger than the hydrogen production rate In the structure, and about one 
order of magnitude higher than the heliuia production rate In the structure. 

Figure 5.2.1-12 shows profiles of daaege parameters for the main elements 
of the HT-9 steel (Fe and Cr) In the LiA102/H20/FS/Be blanket. The profiles 
of both the hydrogen and the helium production rates are very similar. The 
features of these curves are almost the save as was noted for the L^O/ffe/KS 
blanket because the same ferritlc steel was aBBumed in both blankets. 

The corresponding values for the aluminum in the breeding material are 
also shown In Fig. 5.2.1-12. Since the cross sections of Al(n,ct) reactions 
are very large, the He production rate of aluminum Is about 2.5 times as large 
as compared to the other elements. However, Its relative profile Is also 
determined by the fast neutron flux distribution, so It resembles the other 
curves. 

Figure 5.2.1-13 shows the damage parameters for the HT-9 structure in the 
front of the blanket, which were obtained by averaging the data for each 
element over all elements in the alloy in the LiAlOg/H^O/FS/Be blanket. The 
maximum values are 55 dpa/yr, 2500 ppm/yr and 600 ppm/yr at the front edge of 
the first wall for the atomic displacement, hydrogen production rate and 
helium production rate, respectively at 5 MW/m wall load. 

A rough estimate of the maximum hydrogen and helium production rates in 
the breeder can be made using the tritium, and hence helium, production rates 
from Fig. 5.2.1-6. This gives a very high value of 1.2 x 10 5 ppn/yr, because 
of the very high local lithium burnup rate. Cross-sections for the atomic 
displacement are not available for LIA102, so the dpa rate was not estimated. 
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5.2.2 Therma1. Analysis 

5.2.2.1 Introduction 

Thermal analysis of a fusion blanket Is esser ial to its design and 
proper operation. Blanket temperatures are very important for structural 
behavior, material properties, radiation damage, and tritium Inventory. In 
this section, the first wall temperature distribution, breeder temperature 
distribution (including pulsing), flow hydraulics (Including instabilities) 
and corrosion are considered. The intent is to understand the thermal-hydrau
lic behavior under normal conditions and to suggest Important aspects to be 
considered under scaled test conditions. Table 5.2.2-1 summarizes some 
specific concerns related to the thermal behavior. 

5.2.2.2 First Wall Temperature Distribution 

The thermal analysis of water or gas-cooled first walls for solid breeder 
blankets is generally a well-understood problem of conduction, connective heat 
transfer, and fluid flow. The resulting temperature profile is Important for 
structural behavior (Influencing properties, thermal stresses, creep and 
swelling) and tritium permeation. Some specific uncertainties are in the 
actual surface and volumetric heat load profile, heat transfer to helium for 
2000 < Re < 10000, heat transfer at stagnant points near module tips, the 
presence and influence of flow oscillations, geometric effects (curved pipes, 
entry lengths), and effects of radiation and corrosion on bulk and surface 
properties. In this section, the basic characteristics of the first wall 
temperature profile are calculated assuming standard conduction and heat 
transfer models. 

Most solid breeder first wall designs incorporate an array of tubes or 
channels carrying high velocity liquids ur gas coolant. The physical arrange
ment varies from flat arrays (e.g., Sl'ABFIRE^O to cylindrical pods (e.g., 
FINESSE reference blankets). The basic temperature distribution may be 
characterized in general by a bulk coolant temperature rise, AXvuik' a f l l a 

rise, A T f l l m , and the surface layer temperature rise, &£„l although the exact 
exact profile will depend on details such as the presence of supports and the 
heating profile. 

For the reference blankets, these temperature characteristics are 
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table 5.2.2-1. Issues for Solid Breeder Thermal Behavior 

First Hall Temperature Distribution 
Steady-state temperature profile 
Azimuthal surface and volumetric heat source profiles 
Heat transfer at module tip in symmetrically cooled designs 
Heat transfer to helium for 3000 < Re < 10000 
Heat tranefer from breeder region 

Solid Breeder Temperature Distribution 
Steady-state temperature profile 
Hffects of axial conduction, heat source asymmetries, geometrical 
asymmetries 

Pulsing effects on temperature profile 
Breeder/clad gap conductance 
Breeder intrinsic thermal conductivity changes with fluence 
Breeder effective thermal conductivity changes with fluence, mass 
redistribution, cracking, chemistry changes 

Effective thermal conductivity of porous and sphere-pack, breeder 

Flow Conditions 
Flow distribution 
Strength and frequency of flow-induced vibrations 
Thermal breeder/coolant instability 
Module pressure drop 
Entry lengths for heat transfer 

Corrosion 
Impurity effects on corrosion rate of candidate coolant/alloys 
Mass transfer and corrosion by LiOT 
Materials compatibility concerns at high burnup regions 
Magnetic field effects on corrosion 
High-energy neutron effects on corrosion 
Corrosifn effects on surface heat transfer 
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fw 

d e (q + 5 d, ) d' 0.2 fc 

where d f c is the channel hydraulic diameter; Nu a 0.023 P r 0 , 4 R e 0 ' 8 ; and C 
contains numerical constants and materials properties; and 

(q + fid + q.,)(d.^ + d. ) 
AT - / B ^ > _gS £2- d 8 (5.2.2-3) 

pc c fw fc 
where s Is the length along the channel; c and p are coolant Bpeciflc ksat 
and density; U f w Is the coolant velocity; the volumetric heating tern Q yd 
Includes contributions from the full first wall structure, including neutron 
attenuation effects; and q b r is the net heat flux from the breeder region. 

For a uniform surface heat flux outwards from the plasma, small heat 
transfer from the breeder and pod geometry, the temperature rise from the edge 
to the center is 

B, (d, + d_ ) 
AT , = C ( q + £ 6 d. + . . . . > — S — l S s £S_ (5.2.2-4) bulk BO 2 vo fw „ X U. d. fw fc 

where R f w Is the radius of the first wall lobes; and q s o, Q v o are the peak 
heat source values. 

The largest geometric perturbation to this simple description Is due to 
the presence of channel support walls, which may act as fins and locally cool 
the first wall or act ae heat sources from internal nuclear heating. However, 
in either case, the maximum perturbation of the first wall temperature In the 
vicinity of the fins is limited by conduction through the first wall, so 

"fin ( q e + V W 'V'fv 
—E±H-<—2 Y_22 ££__££ (5.2.2-5) AT^. ~ (q + Q d, /2 ) d, /k. fw ^8 Mv fw fw fw 

The variation of the heat source Is also important for the temperature 
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distribution. There axe three contributions: plasma side heat flux, volumet
ric neutron heating, and breeder aide heat flux. 

Plasma heating of the first wall 1B primarily in Che form of radiation 
(less than 10% direct particle interaction). Taking the plasma to be a 
uniform radiator, then the surface heating flux varies with Che angle of 
incidence, 

a - q Isln el (5.2.2-6) 
^8 SO ' ' 

where q B O is the peak heat flux at the tip of the nodule, and 8 Is the azimu-
thal angle of the lobe first wall (6 - 90° marks the nodule tip) away from the 
inlet. 

Volumetric heating exponentially decreases through the first wall, 
although the attenuation is email In the reference blanket designs. The 
azimuthal variation in volumetric heating (discussed In Section 5.3.1) around 
the module first wall are related to the neutron source and reflection charac
teristics of the plasma chamber. 

Heating from the breeder depends on the design details. The gas gap in 
the Li20/fte/HT-9 reference design acts as insulation, while the adjacent solid 
breeder in the LiAlOj/HjO/PCA/Be could lead to appreciable heat transfer. 

To incorporate these contributions into an overall temperature profile, a 
set of 2-D calculations were made. The firBt considered the temperature 
variation through a cross-section of the first wall, i.e., around the coolant 
channels, using the conduction code TAC02D.^ ' The first wall temperature 
profile is shown in Fig. 5.2.2-1 for a Li20/He/HT-9 blanket. As expected, the 
variation is dominated by the AT across the first wall, with little effect due 
to the supporting walls. 

The second analysis considered the temperature variation around the first 
wall along the coolant channels. The azlauthal variation is shown In Figs. 
5.2.2-2 to -4. for the parameters given in Table 5.2.2-2, The results show 
the rapid rise in first wall surface terperature towards the module tip. This 
rise drops as the first wall is thinned by plasma erosion. The importance of 
surface heating is Illustrated by tha Btnall change in first wall temperature 
in the LijO/He/HT-S tokamak blanket, and the large change In the corresponding. 
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Table 5.2.2-2 First Wall Design Parameters 

LljO/He/HT-9 l.i20/He/HT-9 L1A102/H20/PCA/Be 
Tokanak Mirror Tokanak 

Peak surface heat flux, MW/n2 1.0 0.05 1.0 

Neutron wall load, MH/m2 5.0 5.0 5.0 

Peak volumetric heating, MW/ra' 50 50 50 

Back wall heat flux, MW/m2 0 0 0.25 

Neutron attenuation length, mm 70 70 70 

Distance to plasma center, m 1.6 0.6 1,5 

Lobe first wall radius, m 0.15 0.15 0.15 

First wall thrkness, mm 3.5 6.0 5.54 

Coolant channel width, mm 1.0 5.0 3.81 

Coolant channel height, mm 7.0 5.0 3.81 

First wall (fin) support 1.0 1.0 2.54 

thickness, mm 

Back wall thickness, mm 0.3 0.3 2.54 

Coolant inlet temperature, °C 275 275 285 

Coolant inlet velocity, m/s 60 31 2.5 

Reynold's number 15000 22100 74100 
Inlet heat transfer 5800 2770 24500 
coefficient, W/m2« K 
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mirror, as the volumetric heating la reduced. The LiAlOg/fi^O/PCA/Be first 
wall has the sane overall behavior. Although the coolant flow Is from one 
side, the heating rate Is symmetric about the module center leading to a 
largely symmetric first wall temperature. 

5.2.2.3 Breeder Region Temperature Distribution 

The breeder temperature -profile Is important for many phenomena, particu
larly related to tritium recovery and breeder mechanical behavior. Figure 
5.2.2-5 Illustrates the strong dependence of some of these processes on 
temperature. However, the breeder temperature distribution Is not precisely 
known since It Is affected by many un ertaln factors, including the breeder 
thermal conductivity (both Intrinsic and porosity effects), gap conductance, 
coolant flow distribution and their variation with time. Table 5.2.2-1 llstB 
many of the phenomena that contribute to the breeder temperature profile. 

Steady-State Temperature Profile in Solid Breeders: Layered Design 

The reference Li 20 breeder design has a slab geometry, with coolant 
flowing between the breeder plates and heat generated in the breeder in a 
nonuniform manner (Figure 5.2.2-6). The assumptions made in analyzing the 
model are: 

1. No conduction in z (radial) direction. This will allow solving for 
temperature profile in one dimension (x-directlon) with (L, varying In 
the z-direction. This conduction will be considered later 

2. Since the cladding is very thin (0.25 no) and has high thermal 
conductivity, the clad temperature drop is small and predictable. 
Instead, the boundary heat transfer coefficient Is the sum of 
contributions from the gap, cladding and coolant, or 

1/ti - 1/h + (d/k) , .., + 1/ji , .. (5.2.2-7) 
eq gap 'cladding coolant ' 

3. Steady-state heat generation. Pulsing is considered later. 

The energy equation governing the temperature profile is 
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»2„, / (k_2 

where 

^ ( T T / a x * ) + ^ - 0 (5.2.2-8) 

8T/3x - 0 at x - 0 (5 .2 .2-9) 

and 

-k. aT/3x - h (T-T ) at x - d. (5 .2.2-10) 
b eq c a 

The coolant temperature Is calculated by an energy balance as 

"c C p c d T c • $ v V z (5 .2 .2-11) 

where 

T c = T l n at z - 0 (5.2.2-12) 

A set of dimensionleg9 parameters are defined as 

5 = x/dfe (5.2.2-13) 
? - z/Lb (5.2.2-14) 
q(z) - Q v(z)/Q v a (5.2.2-15) 

where Q Is the heat generation averaged over the entire breeder volume. 
Equations (5 .2 .2-8) through (5,2,2-13) are solved to obtain the temperature 
profile in the entire breeder.-. 

Tr. m T*„ + < 2 d i , L i A « ^ C J f d M<«) (5.2,2-16) 

c m D D v,a c pc i, 

T
B l n - T c + V l q ( 5 , / ^ (5.2.2-17) 

T " Tmln + ( <>v,a db / 2 kb> ( 1 " ̂  q ( 5 ) (5.2.2-18) 
An average breeder temperature at each z-location may be defined by 
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d b 1 
T„„„<5> " " / V / T (*' z ) to - / ̂ 5,5) <U (5.2.2-19) 

a v g D 0 0 
or, from Eq. (5.2,2-18), 

W 0 - *„,!„ + tiv,ad£'3k!>? «»< «> < 5 '2 '2~^ 
The maximum breeder temperature occurs on the centerline, x • 0, where 

W d " Tmin + < $ v , a d b ' 2 V <<«> (5.2.2-21) 

Breeder Maximum and Minimum Temperatures The breeder temperature extremes are 
Important for several reasons. For example, the entire breeder oust be within 
some temperature window limited by high tritium inventory at low temperatures 
and sintering (and other phenomena) at high temperatures. The absolute 
maximum temperature occurs at the point with the highest heat generation and 
farthest from the coolant, i.e., the breeder centerllne towards the plasma: 

C - «e - o,c - o) 

" Tin + V V ( 0 ) / h e q + d v , « d b / 2 k b ) «<°> C5.2.2-22) 

The location of the minimum temperature, however, Is not so simply specified, 
other than that it occurs adjacent to the coolant (£ - 1). At 5 • 0, the 
coolant is the coldest but heat generation is highest. Conversely, at 5 - 1, 
the back of the breeder, the heat generation 1B lowest but the coolant Is the 
hottest. From Eqs. (5.2.2-16) and (5.2.2-17) 

+ 1 , ^ ' ^ e , (5.2.2-23) 

It Is clear that the location of the absolute minimum breeder temperature 
depends on many parameters and could be anywhere between £ » 0 and 1. 

For the special case of exponential heat generation 
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q(C) - q(0) [q(l)/q(0)]5 (5.2.2-24) 

where q(0) and q(l) are the values of function q at e " 0 and 1. Now Eq. 
(5.2.2-23) may be differentiated with respect to c while using Eq. (5.2.2-
24). It Is seen that the differential of T _ l n Is dependent on ; meaning that 
T m l n ( ; ) must vary aonotonlcally, leading to the following conclusion for the 
location of absolute minimum temperature, z^^ - L̂ r, t • 

Zmln" 0 If 2L bh /i^c > ln[q(0)/q(l)] (5.2.2-25) 

? t a l n - 1 If 2L bh e q/i£c p c < ln[q(0)/q(l)] (5.2.2-26) 

T m l n ( ? ) * fn( ?) if 2L bh /.Vc ' lnI«I<0"<lt!> 1 (5.2.2-27) 

The latter equation gives the condition for constant minimum temperature along 
the coolant channel. This case have design applications since it utilizes the 
breeder temperature window more efficiently than the other cases. 

Axial Conduction In Layered Solid Breeders 
The nuclear heat source decreases with depth into the breeder, leading to 

overall temperature gradients from breeder front to back, in addition to the 
larger gradients through the breeder thickness towards the coolant. The 
steady-state temperature distribution of a solid breeder plate was earlier 
obtained neglecting axial heat conduction due to this temperature 
difference. This assumption is studied here. 

Analysis To estimate the size of the effect, it Is assumed that axial conduc
tion in the r, (z)-dlrection does not change the shape of the temperature 
profile in the I (x)-direction, but rather changes the magnitude of the 
temperature differences. Therefore, a correction function is defined, g(e), 
which in effect accounts for the axial conduction. The results for tempera
ture profiles from Eqs. (5.2.2-16) through (5.2.2-18), using the correction 
function may now be written as 

T c * Tin + < Mb LA,. A Sc f ipc ) { d K q U ) g U ) (5.2.2-28) 
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T„in " To + ^ A " ^ ) ^ ) / ^ (5.2.2-29) 

T " Tmln + ( v̂ a ^ V ( 1 " ^ ) *<«)(!<5) (5.2.2-30) 

W ' " T»in + ^ . A ' ^ «<*W (5.2.2-31) 
The other way to look at this is that an effective heat generation has been 
defined as 

<5v,eff(5) - \(z)g(0 (5.2.2-32) 

The problem Is to find g(?). Based on a fin type analysis, the energy balance 
equation may be written as 

32T /3<;2 - (h L?/d. k. ) (T . - T ) - h j / k . (5.2.2-33) 
avg eq b b D mln c v b b 

Equations (5.2.2-28, -29 and -31) are used to substitute for T , 1^^, and 
T c in Eq. (5.2.2-33) to obtain an ordinary differential equation for g(c): 

iiiSBl + a «3Bl _ b(qg) - -bq (5.2.2-34) 
A*. dr, 

where 

a - (6k.L./m'c d. )/{l + 3k. /d.b. ) (5.2.2-35) 
D !) C pC D B B eq 

b - (3L2/d^)/(l + 3k b/d bh e q) (5.2.2-36) 

This can be solved to obtain 

qg = Cje + C 2e + lb /(i^- ns. )] / d?e q(e) 

m 2; C -n»2« + [be ' /(m - m,)] / d?e * q U ) (5.2.2-37) 
0 

where nij and BW a r e t n e r c ,°ts of 
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n 2 + am - b - 0 (5.9.2-38) 

The constants Cj and C 2 are determined from boundary conditions! A 
logical choice Is that of insulated boundary at { • 0 find 1, 

dT a v g/dc - 0 at 5-0,1 (5.2.2-39) 

The average temperature can be calculated from Eqs. (5.2.2-28, --29 and -31) as 

Tavg " ̂ n + "Wv.a^Vy^^5* 

+ «5 v a «^/3k l j ) (1 + 3fc L /d b h e q ) qg (5.2.3-40) 

Substitution of Eq. (5.2.2-40) in boundary condition Eq. (5.2.2-39) y ie lds: 

d(cg)/d5 + a(qg) - 0 at c - 0,1 (5.2.2-41) 

The constants Cj and C 2 can be calculated by substituting qg from Eq. (5.2.2-
37) Into Eq. (5.2.2-41). 

Axial Conduction Results To carry out the calculations, a quantitative 
expression is needed for the heat generation profile in the solid breeder. An 
exponential fit is used here as 

V Sv.a^l + c 2 e " Y C > (5.2.2-42) 

where 

^ a - 14.3 tw/m2, Cj - 3.267, c 2 - 0.1006, y - 3.526 (5.2.2-43) 

Figure 5.2.2-7 shows the correction function g(c) as a function of the 
location along the breeder while constant b is varied paranetrically. It is 
seen that generally the correction function starts at somewhat less than unity 
at the front of the breeder, quickly goes to a region of a constant value 
generally above unity, then increase! rapidly towards the back of the 
breeder. Thus, the front is colder and the back hotter due to axial conduc-
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tlon. These points are of particular interest since the minimis wd maximum 
temperatures occur here, so Figs. 5.2.2-8 and -9 show the correction function 
at the front and the back of the breeder as a function of constants a and b. 
It is seen from these figures that the correction decreases as the breeder 
becomes shorter and thicker (smaller b). 

Thermal Results for Layered Solid Breeder The temperature distribution s»sa 
obtained through 2-D analytical considerations as discussed above. A 2-1) 
numerical code was also employed to confirm the analytical models and to have 
computational capabilities for those cases where an analytical solution is 
either too complicated or does not exist. A sample numerical result is shown 
in Fig. 5.2.2-10, illustrating the breeder geometry with contours of constant 
temperature. The temperatures obtained from the analytical results are also 
indicated on several locations on the bree>*;r. For each of these points, the 
plain numbers include the effects of axial conduction while the numbers in the 
parenthesis do not. As can be seen, the results are fairly close and the 
inclusion of axial conduction has generally reduced the gap between the 
analytical and numerical results. 

As has been mentioned, the breeder temperature distribution 1B very 
important in the design and operation of solid breeder blankets. It is net 
simply the average or Che extreme temperatures that matter, but the entire 
distribution. Figure 5.2.2-H showB the mass-weighted "temperature density" 
in the steady-state operation of the reference blanket LIjO/He/HT-Sl. The 
temperature density function, f(T), is defined such that f(T)dT is the frac
tion of breeder between T and T+dT. The minimum and maximum breeder tempera
tures (510°C and 745"C respectively) in this figure correspond to the I^O/He-
/HT-9 reference blanket/ 1' The minimum temperature matches exactly with the 
refernce design. The maximum temperature, however, is about 50*C leas than 
the reference design. The difference is believed to be due to the inclusion 
of hot spot factor in the reference design calculation. It is easily seen 
that most of the blanket is at colder temperatures. This is significant since 
the tritium diffusive inventory is dominated by the cold blanket regions. It 
is also noticeable from Fig. 5.2.2-10 that most of the blanket hot temperature 
is at the front of the breeder near the plasma. 
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Figure 5.2.2-8 Axial conduction correction to temperature profile at the front of the breeder. 
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Figure 5.2.2-10 Comparison of numerical solution and 
analytical results for breeder tempe
rature distribution in Ll20/He/HT-9 
reference blanket. 
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Steady-State Teaperature Profile In Solid Breeders: Breeder-Out-of-Tube Design 
A scbenatlc of a sector of the blanket with the breeder-out-of-tube (BOT) 

design Is shown in Fig. 5.2.2-12. The coolant, in this case water, flows 
through the tubes while cooling the breeder, the breeder consists of 853; 
dense Y - L 1 A 1 0 2 sphere-pack. 

Analysis The following simplifying assumptions are made in order to carry out 
the thermal analysis of a BOT blanket design: 

1. The blanket is operating under steady state. The effects of pulses 
will be considered later. 

2. A unit cylindrical shape is chosen for analysis. Figure 5.2.2-13 
shows such a unit cell. The outer radius of the unit cell nay be 
modelled in two ways: 

(a) To preserve the longest distance from the coolant tube. In 
this case, a. circle is fitted to the square surrounding a tube such 
that the four corners of the square lay on the cylinder (Fig. 5.2.2-
12 shows such a square), The outer radius of the cylinder is then 

r Q= ( 2 n t ) " 1 / 2 (5.2.2-44) 

where n t is the density of tubes per unit area. This method has 
been used in design calculations performed by ANL.' ' The advantage 
Is that it bep • models the maximum temperature in the solid breeder. 

(b) To preserve the total area and heat generation. In this case, 
a circle is chosen such that Its area equals the area of the square; 

rQ= (nn tr 1 / 2 (5.2.2-45) 

The advantage of this method is that the total breeder mass and heat 
generation has been preserved. 

3. Changes along the coolant flow direction are neglected. 
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Figure 5 . 2 . 2 - 1 2 Schematic of breeder-outs lde- tube concept 

Figure 5 . 2 . 2 - 1 3 A c y l i n d r i c a l uni t c e l l In the L1A10 2/ 
H O/PCA/Be reference blanket 
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4. Conduction In 9-directioo Is neglected. This allows a 1-D analysis 
even with S-dependent heat generation. 

5. A heat generation rate p/arajed over the unit cell Is used. The 
effect of varying heat geiericion rate will be studied later. 

6. The tube wall has been neglected. An equivalent heat transfer 
coefficient has been defined to account for the tube wall and any 
possible gap resistance: 

1/h - 1/h + (d/lO . + 1/h , . (5.2.2-46) 
eq gap 'tube coolant ' 

The energy equation In cylindrical coordinates Is: 

with the boundary conditions: 

T = T at r = r (5.2.2-48) 

3T/3r = 0 at r = r (5.2.2-49) 
o 

The temperature profile is calculated as: 

T - T t- -~^. [r2 ln(r2/r2) - (r 2- r 2)] (5.2.2-50) 
b 

The maximum temperature of the breeder may now be calculated as 

V V ((^v a rl / 4 kb ) < 0 1 n e " 6 + 1 } (5.2.2-51) 

where 

3 = r 2/r 2. (5.2.2-52) 
o 1 

Equation (5,2,2-51) relates the size of the cell, r [or, in effect, the 
density of the tubes, see Eo«-. (5.2,2-44) and (5,2.2-45)] to the temperature 
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window in the breeder. In fact, to fully utilize the breeder volume, Eq. 
(5.2,2-51) is used to calculate r Q (or tha tube density n t) in the blanket. 

It is useful here to calculate the average temperature of each unit cell. 

T, O T" < 2 / d r rT)/(r^- r?) (5.2.2-53) 
avg o x 

ri 
Substituting for T from Eq. (5.2,2-50) and using Eq t (5,2,2-51) yields the 
following for the average temperature 

Tavg ' f B T o + ( 1 " V Ti (5.2.2-54) 

where 

f 3 " " F T " 2(plng-&H) (5.2.2-55) 

The inside temperature, T^, is related to coolant temperature througb equiv
alent heat transfer coefficient as 

V Tc - ( 3 - X ) ( < 3 v , a r i / 2 V * (5.2.2-56) 

Temperature Density The temperature density function, f(T), for the cylindri
cal breeder may be calculated analytically since the temperature varies only 
in the r-direction. If F(T) Is the cumulative distribution function, or the 
fraction of breeder between temperatures C and T, then 

' f(T) = | | (5.2.2-57) 

For a strictly monotonic radial temperature profile, 

-IP - 2
2 r d r

2 . (5.2.2-58) 
r - r , o i 

Equations (5.2.2-57) and (5.2.2-58) may be combined to obtain 

f ( T ) "f dT-rh-oV(4' (5.2.2-59) 
r i 
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The relation between r-coordinate and temperature is the temperature profile, 
r 2 2 

T.- 'j£ X feinV" <h~ 1 ) J (5.2.2-60) 
b r, r. i I 

From Eq. (5.2.2-60) 

^A A —Fl - ^ r-f - 1 ] (5.2.2-61) 
d(rZ/rJ) * kb r Z 

Equations (5.2.2-59) and (5.2.2-61) are combined to give 

f ( T ) - - 5 P 5—5 (5.2.2-62) 
**,A« ' 1} ( f l r i / r " l> 

It is not possible to further eliminate the r—coordinate from Eq. (5,2.2-
62) and still have a general closed form solution. However, Eq. (5.2.2-62) 
together with the temperature profile Eq. (5.2.2-60) la adequate for calcula
ting temperature density. Figure 5.2.2-14 shows the temperature density for a 
BOT solid breeder at steady state operation. It is observed that, unlike the 
layered solid breeder design, most of the breeder is aL higher temperatures. 

Cylindrical Asymmetry in Breeder-Out-of-Tube DeslgnB 
One of the assumptions made in the steady state analysis of this breeder 

was that the haat generation is averaged over the unit cell. In reality, the 
heat generation decreases away from the plasma. The effect of the varying 
heat generation is considered here for two reasons: 

1. To obtain an improved distribution criterion for the coolant tube 
spacing such that the temperature variations in all the unit cells 
are equal, resulting in better utilization of the breeder. 

2. To scale the temperature difference between points in the unit cell 
at the sane radial distance from the cooling tube but at different 
azimuthal locations (e.g., the points closest to and farthest from 
the plasma). This temperature difference should increase with unit 
cell size, as from the breeder module front to back unit cells or 
wltn the proposed breeder test modules operating under reduced 
neutron wall load. 
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Figure 5.2.2-14 Solid breeder temperature density for the breeder out of 
tube LiA102/H20/PCA/Be reference blanket. 
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Analysis Figure 5.2.2-15 shows a unit cell under nonuniform heat 
generation. A linear approximation for heat generation 1B used. This allows 
the results to be obtained In closed form, which Is useful In understanding 
the parametric behavior of the problem 

^ - Q^ 0 (1 + r coe 8/dq) (5.2.2-63) 

where Q n Is the heat generr.̂ ion at the center of the unit cell and d is 
estimated by comparing Eq. (5.2.2-63) with actual heat generation profile. 
The scaling length d Is different for each unit cell. 

The energy equation and boundary conditions here are the sane as those 
used earlier except for Q which Is given by Eq. (5.2.2-63). The temperature 
at the outer radius of the cell Is calculated as 

k (T - T.) . r 
b ° 2

i - t \ $ + 4 ji cos 8) InS 
Q v . 0 r i « r 

- ( 6 2 - l)(-§-;pcos 9 + i ) (5.2.2-64) 
q 

Three points of special Interest are marked as a,b and c on Fig. 5 .2 .2-
15. The maximum temperature difference occurs between the unit ce l l front and 
back region, or from Eq. (5 .2 .2-64): 

k (T — T ) 2r 
b . a

 2

b - 3 ^ [B3lnB - ( e 2 - l ) / 3 ] (5.2.2-65) 
Qv.O rl " 

Cylindrical Asymmetry Results One way to arrange the coolant tubes In the 
breeder is to try to have as uniform temperature as possible on the outer 
radius of each cell since otherwise a large part of the breeder may be shifted 
to colder temperatures due to a few hot locations. It is clear that the 
temperature is not uniform for the case of r » r t = r_. But the radii r . tt. 

a D c a • D 
and r c may be chosen such that T a = T^ = T c. The result is a spacing formula 
for the density of the coolant tubes in both the radial and poloidal direc
tions. Unfortunately the results for such r_, rv and r c may not be shown In 
closed form and have to be presented numerically. 
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Figure 5.2.2-15 A solid breeder unit cell with non
uniform heat generation. 
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AB an example, the temperature difference between points a and b of the 
second bank tubeB In the reference blanket has been calculated. It is aeen 
that the difference can be as high as 200 K if the radii rfl and r^ are chosen 
to be equal. On the other hand, If one decides to modify the spacing (that is 
r a and ru) to achieve uniform temperatures at points a and b, a moderate ratio 
of r D/r a " 1.04 is sufficient. The sample calculation here has been done for 
the second bank of tubes where the heat generation gradient is large, and thus 
so is the temperature difference. A general observation is that the 
temperature la very sensitive to the spacing and only small perturbation in 
the sizes can control large temperature differences. Alternately, however, 
small differences in tube location due to manufacturing tolerances may give 
rise to substantial local hot spots. 

Pulsing Effects 

While a reactor is intended to operate in steady-state, It is likely that 
a blanket test facility will be pulsed. This power cycling may lead to many 
consequences, but in particular the resulting temperature fluctuations and 
reduced average temperatures may be very significant.^ ' In this section, the 
effect of pulsing on the solid breeder (both planar and cylindrical geometry) 
thermal behavior are studied. 

Analysis The temperature profiles for the planar and cylindrical solid 
breeder geometries under steady state have already been obtained. These 
steady state solutions are denoted by superscript ss in this section. 

The analysis performed here Is of the "lumped capacitance" type in which 
it is assumed thai the temperature profile at each time is that of tteady-
ELate conditions. In other words, "quasl-equlllbrium" condition holds. Thi* 
assumes that conduction within the solid breeder takes place faster than the 
pulse time scale. Obviously this assumption holds better for breeders with 
higher thermal conductivity and smaller sizes. Therefore it is expected that 
the results obtained here apply favorably to the layered solid breeder design 
which has a relatively small thickness. 

An energy balance for a solid breeder of any geometry may be written as 

dT 
PK VV, C . , — ^ " " h„ A < T

mi„ " T,> + Q.A (5.2.2-66) 
b b pb . eq c min c v b 
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with the in i t i a l condition 

T - T at t - 0 (5.2.2-67) 
avg c 

Equation (5.2.2-66) equates the rate of increase of the internal energy of the 
solid breeder to the heat generated in the breeder Minus the heat transferred 
to the coolant. In Eq. (5.2.2-66), Vu la the volume of the breeder and A is 
the area available for heat transfer to the coolant. Define: 

6 - T - T c (5.2.2-68) 

and 

c™<„ " < T
m ^ ~ T^/< T

a»<, " T ^ (5.2.2-69) 
mln Diln c avg c 

The parameter C m l n may be thought as thermal shape factor and can he obtained 
from steady state analysis of each breeder geometry. Equation (5.2.2-59) is 
rewritten as 

p.V.c . d9 V. 

eq c mln eq c mln 

It Is clear that the solution to Eq. (5.2.2-70) is an exponential with a 
characteristic time of 

' . - T T T * - < 5 - 2 - 2 " 7 1 > 
eq c mill 

Eauation (5.2.2-63) nay now be written in a general format of 

de/di + e - S (5 .2 . , -72) 

where a dlmenslonless time has been defined as 

T - t/t (5.2.2-73) 
c 
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and S is the general source term. It Is useful to note that for a constant 
source, S is also the steady state value for 9. 

The heat generation term in Eq. CJ.2.2-70), In general, Is rime-dependent 
and usually periodic. Fortunately, Eq. (5.2.2-70) Is linear with respect to 
heat generation and the principle of a superposition can be used. In particu
lar, a pulse may be treated as the Bum of two step functions - one positive, 
the other negative and delayed with respect to the first. Therefore, the 
fundamental solution needed is the response to a step function. The governing 
equations for a step function may be written from Eq. (5.2.2-72) as 

d0/dr + 6 - 6(») (5.2.2-74) 

with 
6 = 0(0) at T - 0 (5.2.2-75) 

and where the source term has been replaced by the steady-state solution. The 
solution for 6 is obtained as 

0 = e(-) + [6(0) - e(-)]e"T (5.2.2-76) 

Figure 'i.2.2-16 shows a typical temperature response to a pulsed source 
with magnitude varying between 0 and 1. The response to this unity step 
source is denoted by u. As expected the response starts from zero and oscil
lates around an average value that increases and approaches its saturation 
value with an exponential pace. The quasi-equllibrium values of "̂ -jr, t^-jn 

and u a v„ are of Interest, where u is defined as the time average of u over 
one cycle after quasl-equillbrium has been reached. 

Quasl-EqulllbrluBi Condition Ouasi-equilibriura is reached when two consecutive 
peaks differ by only a small amount. The value of the u m a x and u,^ at quasi-
equillbriun state, therefore, may be calculated by equating the magnitude of 
two consecutive temperature peaks, say uj and u 3. Between points 1 and 2, the 
source is turned off for some time x. - t,/t where tA is the dwell time and 

d d c a 

t c is the characteristic thermal time given by Eq. (5.2.2-71). Noting that 
the eteady-state solution of a system with a zero source is zero, then from 
Eq. (5.2.2-76): 
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u 2« U l e a (5.2.2-77) 

Between points 2 and 3, the source Is on for some time T. » t./t where t b Is 
the burn time. Then u* and u-j are related as 

u 3 - 1 + (u2- l)e D (5.2.2-78) 

Parameter U2 may be eliminated between Eqs. (5.2.2-77 and -78). Also at 
quasi-equillbrium, Uj " U3 - "u^* SO 

1 - e' T b 

(5.2.2-79) 
1 - e 

The minimum response u m l n 1B calculated from Eqs. (5.2.2-77 and -79) as: 

, " Tb -t. 
1 " -e e a (5.i.Z-80) 

1 - e 
The average response of a cycle after achieving quasl-equlllbrlum, u_„„, Is 

avg 
calculated by Integration. The result, surprisingly. Is rather simple 

u = T./(T.+ T.) =• duty cyclfl (5.2.2-81) 
avg b b d 

It Is Interesting to know how many cycles it takes to achieve quasi-
equilibrium, N . Ideally, It is reached only at x • =•• But in practice one 
could set a criterion such as when 95% or 99% of the saturation value has been 
reached. A closed form analytical result for number of cycles to quasi-
equilibrium seems difficult, however, a simple rule based on observation and 
physical behavior may be written as 

- < N < — (5.2.2-82) 
Tb + Td q e Tb 

ihermaj. Characteristic Times 

The thermal characteristic time was calculated in Eq. (5.2.2-71) in terms 
of the solid breeder volume, area and shape factor. Here, specific relations 
for the two solid breeder geometry under consideration (namely, planar and 
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Table 5.2.2-3. Basic Mechanism for Solid Breeder Thermal Instability 

1,Steady operation. 

I 2JSome initial perturbation; e.g., breeder expansion, reduced less 
coolant flow, higher breeder temperature, higher volumetric heat 
generation 

3.LesB flow area for coolant• 

4.Higher coolant temperature and lower coolant-Bide heat transfer 
coefficient. 

\ 
5.Higher breeder temperature. I 
• 6.Further thermal expansion of breeder. 
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cylindrical) are given. Using temperature profiles obtained earl ier , the 
characteristic time for the planar breeder i s : 

V T * ^ ( 1 + 2 h e a V 3 k b > (5.2.2-83) 

eq 

and s la i lar ly , for the cylindrical breeder, 

Phc . r . / 2 , 
t c - P P (0 - 1) [1 + 0> e r t / 2 k b ) fg lng] (5.2.2-84) 

where 

and 

eq 

fe - (Bins - e + D / ( B - i) me (5.2.2-85) 

S = r 0 / r j . (5.2.2-86) 

The most Important result of this transient study is these characteristic 
times since they set the tone for transient theraal behavior. The ther«al 
time scale is calculated to be about 37s and 50s for the layered and BOT front 
cell solid breeder reference blankets, respectively. These theraal 
characteristic times are very short compared to the operating life of the 
blanket in a reactor so stu/iild not create any problems. These characteristic 
times, however, may be comparable to the burn and dwell time of the test 
device and nay limit the usefulness of the experimental results. Implications 
and solutions to this latter problem of a test module in a pulsed device will 
be discussed in detail in Section 5.3.2. 

5.2.2.4 Flow Conditions 

Off-normal conditions such as uneven flow distribution, flow induced 
vibrations, and thermal instability have a significant effect on design, 
operation, safety and lifetime of a fusion reactor. Table 5.2,2-1 summarizes 
some specific phenomena of concern. This section briefly reviews steady-state 
flow conditions and flow-induced vibrations. An analysis is then presented 
for a possible thermal coolant/breeder instability. 
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Steady-State Flow 

The two primary quantities of Interest to the thermal-hydraulics design 
of fusion blankets are the heat transfer coefficient and pressure drop. These 
are relatively well-understood for water and helium, and numerous correlations 
and graphs are available for nany flow situations. Standard cases are those 
of fully developed laminar or turbulent flows in constant area channels. A 
rather extensive set of correlations is available in any heat transfer text
book (e.g., Reference 9). Special cases include, for example, flow in bends, 
entry length regions or flow around stagnation points. Inforaation on these 
type of flow is also available in the literature (e.g., Reference 10). The 
important point here is that, unlike liquid metal blankets, the basic thermal-
hydraulics under steady-state conditions is not a major concern. 

Nonetheless, it will still be uBeful to measure the flow rate and heat 
transfer in the full blanket geometry. Confirming the pressure drop for 
helium cooled blankets, for example, may be important due to the high pumping 
power requirements. Thermal and hydrodynamlc entrance regions exist in all of 
the flow geometries - For water and helium at the Reynold's numbers in these 
blankets, the entrance length is on the order of 10 hydraulic diameters' 
or typically ..ess than 10Z of the channel lengths, although it may be more 
significant in some helium cooled breeder designs. 

Flow Vibrations 

Any flow system can be considered as a network of forces (e.g., fluid 
pressure), springs (e.g., structural elasticity), and damping mechanisms -
(e.g., friction). Since there are a range of oscillations present due to 
turbulence and other phenomena, natural system frequencies may be excited. 

Flow-induced vibrations are an Important factor In the design of reactor 
components,* » ' contributing to mechanical failure by fretting or wear as the 
vibrating structures rub against eachother. They can lead to large-scale 
failure such as the steam generator rupture in the Swedish Ringhals PHR after 
only 3000 hours of operation/3' Such vibrations are possible in solid 
breeder blankets with multiple channels of high velocity coolant. However, 
neither the flow oscillations, the structural response, nor their Interaction 
are easily modelled. The primary factors to be considered are/ ' the 
geometric aspect ratios; the reduced velocity (or Inverse Strouhal number), 
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U/ici (where tf is the free-stress flow velocity, f the vibration frequency and 
d the diameter; the mass ratio (structure inertia to fluid inertia), m/pd , 
where m is the mass per unit length of structure plus entrained fluid; and the 
damping factor or damping ratio 5, a measure of the energy dissipation rate. 
Natural frequencies for flow oscillations occur around U/fd ~ 5 for vortex 
shedding; and U/fd ~ 1-100 for various aerodynamic Instabilities. Fluid 
turbulence typically contains a range of frequencies. Structural vibration 

0 5 2 frequencies are roughly given by f ~ (El/m) * /L (simple beams), where I Is 
the moment of inertia and L is the beam length. Damping includes contribu
tions fron the flow, from the structure, and from the structural material 
itself. 

Thermal Instability in Solid Breeders: Layered Design 

In the solid breeders with layered breeder design (plate geometry), there 
Is a direct relationship between the coolant flow and the temperature levels 
throughout the breeder. Higher breeder temperatures cause thermal expansion 
which results In less space for coolant flow. Reduced coolant flow then 
causes higher temperatures In the breeder and so on. It 1B clear that a 
problem of thermal instability might exist especially in situations where the 
coolant passage is very narrow as IS the case for the reference Li-O/He/HT-9 
blanket. In this section, the Instability Is studied. 

Analysis The physical model used for analyzing a plate solid breeder Is shown 
in Fig. 5.2.2-17. A similar model could apply to the cylindrical geometry, 
but was not considered here. The basic positive feedback mechanism for the 
thermal instability is described in Table 5.2.2-3. The main question here Is 
whether the resultant increase In the breeder thickness Is larger than the 
original perturbation or not. 

In performing the analysis, the following assumptions are made: 

1. There Is a fixed amount of space available for one breeder plate and 
one coolant flow channel. That Is, an Increase in one results in a 
decrease in the other; 

2. The pressure drop available for coolant Is constant. That Is, any 
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Figure 5.2.2-17 Schematic for the solid breeder thermal insta
bility model. 
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decrease In coolant channel width, results In reduced coolant flow 
rate; 

3. Unconstrained thermal expansion of breeder. 

Consider some Initial perturbation of the breeder thickness (perturbed parame
ters are denoted by superscript *) 

d* - db(l + e b) (5,2,2-87) 

As a result, the following parameters are also perturbed: 

d = d (1 - E ) coolant channel thicknrqs (5.2.2-88) c n. c 

(m1) = £' (1 - e ) coolant mass flow rate (5.2.2-89) 
c c tn 

(Q ) - Q. (1 - en) volumetric heating rate (5,2,2-90) v fa »,a ij 
* 
h - h (1 - e ) heat transfer coefficient (5.2,2-91) 
eq c n 

The perturbations described In Eqs. (5.2,2-87) through (5.2.2-91) yield a 
further increase in breeder thickness according to Table 5.2.2-3 as 

C 1 C - V 1 + Sale' (5.2.2-92) 

The design is unstable if d. > d. . To determine this relation, tht 
following equations are used: 

d_ + d = constant space constraint (5,2,2-93) 

L I 2 Ap - f -j—•=• ptl pressure drop (5.2.2-94) 
h c 

f « 0.00316/Re1^ friction factor (5.2,2-95) 

d h • 4 Area/Perimeter « 4d_ hydraulic diameter (5.2,2-96) 
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Nu - 0.023 Re 0 , 8Pr 0" 3 3 Nuaaelt number relation (5.2.2-97) 

and the solid breeder temperature profile (from Section 5.2.2.3) is 

"b C b V p c V ^ ° (5.2.4-98) 

The particular goal Is to determine e . in terms of e. . This requires 
calculating all c's. 

e : e is calculated by using Eqs. (5.2.2-87 and -88) in Eq. (5.2.2-93) 

e = (d /d.) e. (5.2.2-99) 
c c b o 

E : Equations (5.2.2-94, -95 and -96) are combined to obtain 
m 

]t Lm' 
i p = 1 ( 5 . 2 . 2 - 1 0 0 ) 

P <r 
c c 

Since p r e s s u r e drop i s assumed to remain cons tant , 

1/4. . , 7 / 4 1 / ' * T / 1 ; . * ^ / 4 
p L m y Lies ) 

p d p d 
e c c c 

( 5 . 2 . 2 - 1 0 1 ) 

Substituting for ra' and d in Eq. (5.2.2-101) from Eqs. (5.2.2-88 and -89), 

— " (5.2.2-102) 

and In terms of s by using Eq. (5.2.2-99) 

12 d c c - ±Y -^ e. (5.2.2-10:) 
m / a. D 

e s This perturbation is due to the fact that the heat generation Is constant 
per unit maae rather than per unit volume. Therefore, any breeder expansion 
results in reduction in volumetric heat generation. 
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Q d w - 6 * d* (5.2.2-104) 
v,a b v,a D 

Usage of EqB. (5.2.2-87) and (5.2,2-90) to Eq. (5.2,2-104) yields 

e n - e. (5,2,2-105) 
Q b 

e : Upor: substituting the definitions for Nu, Re and Pr # Eq. (5.2.2-97) 
reduces to 

h d 
- c ~ - ~ constant (5,2.2-106) 
m c 

Similarly, after using appropriate relations for h , d and « ' , 

e. = 0 . 8 E - E (5.2.2-107) 
h m c 

e and e in Eq. (5.2.2-107) may be replaced from Eq. (5.2.2-103 and -99) to 
m c 
arrive at 

d 
e u - 0.371 -r^ e. (5.2.2-108) 
h d b b 

E , : The resultant e , is related to the perturbed T as calc calc avg 

E , *> <r. (T* - T ) (5.2.2-109) 
calc th avg avg 

where a . i s the coefficient of thermal expansion. "Che perturbed T is 
calculated from Eq. (5.2.2-98) by replacing Che appropriate parameters by 
their perturbed values. If only f irst order e terms are retained, taany 
quantities will cancel from the right hand side of the Eq. (5.2.2-109), 
leading to 

e calc " % T % « " > f T ( 2 V eQ> + r h ( E b + V «Q> b ^ c t 

4k,L. 5 
+ b b / d«CO Um+ % - c>J (5.2.2-110) 

m

C

c p c V U ) ° 
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Upon substituting for e , e 0 and e. from Eqs. (5.2.2-103), (3.2.2-105) and 
(5.2.2-108), Eq. (5.2.2-110) reduces to: 

ecalc v.aT) ,_« 2 , n _.„ b b 
e. 2k. "th M V" / 3 ""'•' d h d. b b c c b 

d. k.L. 5 
+ 6.86 -d- . q<g) / d5q(5) (5.2.2-111) 

c m'c d. 0 c pc b 

Stability Criteria With respect to the magnitude of e 1 /e., there are three 
possible situations: 

Stable: £

c a l c ^ e

b < 1 (5.2.2-112) 
Neutral: e c a l c / e b - 1 (5.2.2-113) 
Unstable: e , /e. > 1 . (5.2.2-114) 

calc b 
The most stringent stability criteria should come from the location with the 
highest value of e l e / e . • An argument similar to that used earlier for the 
minimum temperature of the planar solid breeder may be repeated here. The 
location of the most Btrlngent stability criteria is 

C - 0 If L h /m'c > 0.108 In [q(0)/q(D] (5.2.2-115) 

D C C pc 

any c - (0,1) if L.h /m'c - 0.108 In [q(0)/q(l)) (5.2.2-116) 
D C C p c 

5 - 1 if L.h /m'c < 0.108 In [q(0) /q(O] (5.2.2-117) 

In e i ther case, the s t a b i l i t y c r i t e r i a , Eq. (5.2.2-112), when combined with 
Eq. (5.2.2-111) y ie lds : 

, 0.743 r?- + 6.86 -2 -2 / d O T < c ) 
Q df n c ra'c q(?) 0 

dc > J g - a q(o cpc { 5 t 2 . M 1 B ) 

o b 2 

"tA,.*^ 3 

i f 
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2k 
5 ~> 0 (5.2.2-118a) 

That Is any coolant channel width smaller than that In Eq. (5.2.2-118) 1B 
thermally unstable. An Interesting observation is that for the cases that the 
denoffllnator of Eq. (5.2.2-118) is negative, the breeder Is unconditionally 
unstable, 

3 k b 
< a . unconditionally unstable (5.2.2-119) • .2 , " "th 

Tt is Important to note that the relation In Eq. (5.2.2-119) Is rather general 
and does not depend on the coolant or the coolant channel. It introduces an 
absolute maximum for the thickness of the solid breeder d. (or for the heat 
generation). The physical reason for such a limit is that the tenperature 
profiles are parabolic and hence proportional to the square of the breeder 
thickness. From Eq. (5.2.2-98), 

AT « 3. ^ § . % (5.2.2-120) 

But 0 d Is the total energy input and is constat.t. And since the swelling 
' calc is directly related to thermal expansion, d, « AT. Therefore, p 

d?*lc « d, (5.2.2-121) 
b b 

Equation (5.2,2-121) indicates direct and possibly unstable feedback, and 
includes only the contribution from the breeder tenperature profile, not from 
the coolant. It should be noted that the absolute limit in Eq. (5.2.2-119) 
does not depend on the two assumptions earlier made, I.e., limited space for 
breeder and coolant and constant pressure î rop. 

Two stability criteria were obtained, that la, Eqs. (5.2.2-118) and 
(5.2,2-119). One sets a minimum value for the coolant channel width while the 
other sets a maximum for Che breeder th'ikness. Numerical calculations for 
the Ll20/He/HT-9 reference blanket indicate that the following should hold in 
order to have a thermally stable solid breeder: 
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d„ > 0.4mm (5,2.2-122) 
c 

d f c < 74mm (5.2.2-123) 

The limiting value for d c In Eq. (5.2.2-122), although very snai l , Is close to 
the design value (d j _ a < e n " °» 5 n B')» The second ." t i t , set by Eq. ( 5 . 2 . 2 -
123), Is actually very far from design value (d, j e a l _ ~ 5.25 mm) and should 
not cteete any problems. 

5.2.2.5 Corrosion 

Corrosion can weaken structures (wall thinning, chemical embrittlement); 
change surface characteristics (reduced heat transfer, increased tritium 
permeation); remove breeder (L10T mass transfer); and plug narrow purge, 
coolant or heat exchanger channels. While there is extensive experience with 
high temperature, high pressiri-e water and helium coolant in reactor environ
ments, the mechanisms for formation, transport: and deposition of corrosion 
products are very complex and poorly understood. Reference (11) provides a 
recent review of corrosion chemistry with helium In High Temperature Gas 
Keactors. 

Generally, the corrosion rate is very low In clean, high purity coolant 
conditions. The concern is for the effects of realistic Impurities. For 
water and aust£.nltlc steels, typical corrosion rates are about 1 ua/vr under 
degassed, high temperature conditions.^ - ' Estimates for helium/steel 
system are around 0.1 pm/yr, Including neutron sputtering.*1^' This may not 
be enough to cause serious wall thinning or tube plugging where (> 10 w»/yr 
erosion rates would be of concern^ ') but can lead to appreciable activation 
product formation and transport around the loop. 

Very high velocity flow may enhance surface erosion through cavitation 
(If boiling Is present) or abrasion from suspended solids. However, typical 
blanket velocities should be «pll below these regimes. 

The presence of a r.-ong magnetic field is a poorly known factor. 
Possible effects include transport inhibition (bulk or Ion diffusion), source 
or suppression of crud bursts, and effects on local corrosion rate (induced 
currents affecting electrochemistry, corrosion layer mlcrostructure or orien
tation)/ 1 5' 
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For example, soae iron oxides are ferromagnetic. In the presence of a 
varying magnetic field, the drag force on the particles will be balanced by a 
magnetic force, 

m l •> I"? 2 *n v l f o r "-̂  °« 
—E.r. « tv - n * 2 =./ 2 c c c P F. * - ^ C„p (U - U ) drag 2 T)^c c p 1 6irr u (U - U ) for If = U p e c p c p 

(5.2.2-124) 

F = ~ irr3MVB (5.2.2-125) 
mag J p 

where r is particle size; Cg is drag coefficient; u and p are coolant 
viscosity and density; " c and U are coolant and particle velocity; H Is the 
particle magnetization end VB is the magnetic field gradient. 

Although the drag force is very large on a particle at rest, it rapidly 
decreases as he particle is pulled up to the bulk flow speed. At some point, 
the magnetic force would Inhibit further acceleration. The final velocity may 
be estimated as 

U - U 2r2MVB 
- £ - r - £ 3 - g £ v - (5.2.2-126) 

c c c 

For nominal values of r = 10-100 urn;'16' vB = 1 T/m; M = 10 5 A/m; D c, u of 
about 5 m/s and 10 kg/m-s for water, and about 30 mis and 3x10 kg/n-s for 
helium, then (Uc-U )/«c = 0.002-0.4. Thus it Is possible that the magnetic 
field may inhibit corrosion particle transport. 

Corrosion and mass transfer within the breeder are also of concern. Li,0 
forms corrosive LiOT under certain conditions. ^ The transport of this 
compound from the breeder Interior to the purge channel may lead to loss of 
breeder material and rapid erosion of the purge piping. Ternary ceramics like 
LIAIO2 are not as corrosive or volatile, but there are concerns over reactions 
with the metal oxides that accumulate rapidly in the high burnup regions.. 

5,2,2.6 Summary 

This section -onsldered the thermal-hydraulic behavior of solid breeder 
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blankets. The analysis concentrated primarily on the first wall and breeder 
temperature profiles. 

The two reference solid breeder blankets retain the high pressure first 
wall coolant in seal-cylindrical modules with azimuthally flowing coolant. 
The temperature profiles along the coolant channels vary sharply due to Che 
variation in heat source. Tokamak first walls are dominated by surface 
heating, while mirror first walls are dominated by the nuclear bulk heating. 
Analyses indicated that the tenperature variation was strong across the 
composite first wall away from the plasma, and azimuthally along the front 
surface. Axial variations within the cross-section such as around the first 
wall support fine were small. 

The breeder temperature profiles, which are important for the breeder 
mechanical behavior aud tritium recovery, were obtained analytically. The 
analysis includes the steady-state 1.5-0 solution for two breeder geome
tries: planar and cylindrical. It was found that the planar design yields a 
mass-weighted temperature distribution, the "temperature density", that is 
peaked at colder temperatures, while the cylindrical breeder temperature 
density peaks near its maximum temperature. This indicates that one georaetry 
has most of its breeder near the minimum temperature limit, while the other 
has most of the breeder near the upper limit. 

To obtain more accurate temperature profiles and determine the signifi
cance of 2-D effects, axial conduction (planar breeder) and heat generation 
asymmetry (cylindrical breeder) were also considered. Axial conduction was 
found to slightly influence the breeder temperatures but is not a large 
effect, particularly since the slab breeders will be broken Into small blocks 
(to minimize thermal streps cracking) which will inhibit heat transfer. 
However, the cylindrical asymmetry could strongly affect the maximum 
temperature. The latter considerations lead to a prescription for the cooling 
tube spacing In order to achieve a uniform maximum temperature. 

The effect of a pulsed nuclear heat source was also analyzed. The basic 
model was based on the lumped capacitance principle, including corrections for 
the effect of volumetric heat generation on the breeder temperature profile. 
The thermal time constant for the two breeder geometries were obtained. In 
order to evaluate the breeder response, the principle of superposition was 
used. As expected, the generil effect of pulsing Is to lower the temperatures 
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and to cause cyclic variation* Analytic equations are provided for the 
breeder temperature response end the tine to quasi-equliibriun. 

Several aspect s of flow conditions applicable to the breeder were consi
dered, including flow-Induced vibrations, entry lengths and a possible thermal 
Instability for the plat-- breeder configuration. 

Finally, corrosion was briefly considered. It is generally a complex 
subject that Is certainly Important In any power system, but Is not expected 
to be a feasibility issue for the water/steel or helium/steel systems of 
interest here. While there is a fair amount of experience with these systems 
in a fission reactor environment, a fusion reactor will introduce some new 
effects. For example, although not believed to be significant, the effect of 
strong magnetic fields or field gradients on corrosion ^ave apparently not 
been tested. 
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5.2.3 Tritium Recovery 

Models, properties, and experimental data are presented In this subsec
tion for the purpose of describing the behavior of tritium In fusion solid 
breeders. The enphasis is on trltiua inventory, short- and long-term tritium 
recovery, and tritium permeation from the solid breeder to the primary coolant 
loop. Tritium inventory is an Important design consideration because of the 
safety issue involved if a large tritium Inventory is allowed to build up in 
the blanket. Short-term tritium recovery (or the time to achieve tritium 
self-sufficiency) is directly related to the economic issue of initial fuel 
investment while long-term tritium recovery helpB to set the minimum tritium 
breeding ratio. Tritium permeation (or leakage) is both an economic and an 
environmental issue. High leakage rates will result in costly cleanup and 
processing systems in order to minimize the leakage from the primary to the 
secondary coolant and to recover the tritium for use as fuel. 

By summarizing what is known about tritium behavior In solid breeders, 
two purposes are accomplished. The analytical models presented will show the 
sensitivity of tritium behavior to material properties and operating condi
tions and help guide the establishment of a systematic test plan. At the sane 
time, these models form the basis for pre- and post-test analysis for these 
experiments. 

5.2.3.1. Steady-State Tritium Behavior 

Under steady-state operating conditions (e.g., tritium generation rate 
and temperature) and tritium response, the tritium release rate (R) from the 
blanket is equal to the generation rate (G). The primary concern under these 
conditions is the tritium retained (I.e., inventory) in the blanket ceramic, 
porosity and purge stream, metal structure, and coolant. The tritium released 
from the blanket is simply the difference between the total amount generated 
and the Inventory. In addition, the generation rate and the tritium partial 
pressure in the gas phase are used to determine the tritium leakage rate. 

Conceptually, the steady-state inventory (I) is divided into components 
In the ceramic breeder (1^) - including the interconnected porosity and purge 
stream, the metal structure (l m), and the coolant (I-): 
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1 " x b + \ * Xc • (5.2.3-1) 

The breeder contains the largest component of Inventory, and Is further subdi
vided Into retained tritium due to bulk diffusion O d ) , solubility d s ) , sur
face adsorption (I a), and porosity-percolation/purge-stream-convectlon (1_): 

xb " xd + h + la + h • (5.2.3-2) 

Diffusive Inventory (Id) 
After tritium is bred in the breeder, the initial process in tritium 

transport is bulk diffusion from the Interior of the solid-breeder grains to 
the grain boundaries. Trltlun is generated within the grain matrix at a rate 
per unit volume g. Assuming a spherical, isothermal grain of radius r_ and 
temperature T, the lntragranular diffusive inventory (assuming the grain 
boundary is a perfect sink for tritium) is given by* 1' 

I g - \ ft V g . (5.2.3-3) 

where 

And 

T r - fr /15 D ) , the mean residence time in s 
r " the grain radius in on 
D • the diffusion coefficient in cnr/s 

• D Q exp(-Q/RT) 
D Q - a pre-exponentisl factor for the diffusion coefficient 
0 - the apparent activation energy for diffusion in kcal/mol 
K - 1.986 x 10~ 3 kcal/mol*K 
T - temperature in K 
ft - tritium generation rate in g/s »cm 

V - (4/3) itr| » grain volume in cm 3. 
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In applying Eq. (5.2.3-3) to the whole blanket, care Bust be taken to 

properly account for the large variations In tenperature and generation rate 

across the blanket. To slapify the analysis, the blanket Is divided into unit 

cells. The iwo types of unit cells of practical interest in this study are 

the hollow cylinder and the plate (see Fig. 5.2.3-1). Integrating Eq. (5.2.3-

-3) over one unit cell gives 

^ . n " / t r ft(l - e) « . (5.2.3-4) 
"cell 

where 

and 

dV = 

the breeder volume in a unit cell 

the breeder porosity fraction 

rdr d6 dz for the cylinder 

dx dy dz for the plate. 

The total tritium diffusive inventory in the blanket can then be found by sum
ming over the unit cells, each employing the local temperature and tritium 
generation rate as appropriate: 

N 
d - I ^celA • <5-2-3~5> 

The application of Eos. (5.2.3-4) and (5.2.3-5) to the blankets of In
terest Is cumbersome.. A number of simplifying assumptions have been employed 
to generate models which allow calculations to be performed for scoping stud
ies and blanket comparisons. The first assumption is that riatioi-s in 
temperature and generation rate m the axial (z) direction for both cylindri
cal and plate unit cells are negligible. The second assumption is tha*: the 
generation rate is constant In the x-directlon for the plate and in the r and 
8 directions for each cylindrical unit cell. The assumptions with regard to 
temperature are less stringent than Lhose concerning generation rate because 
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COOLANT 

COOLANT TUBE 

PLASMA SIDE 
( a ) 

K d , rti 

CLAOOING 

COOLANT 

PLASMA SIDE 
( b ) 

Figure 5.2.3-1. Representative croas-aections of unit cells for cylindrical 
(e.g. UM0 2/fl 20) and plate (e.g. LigO/He and LiA102/He) 
geometries. Purge channels which are not shown are located 
at the breeder-cladding interface. 
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the tritium Inventory varies In a highly nonlinear fashion with temperature, 
whereas variation with generation rate Is linear. 

Using these assumptions, Eq. (5.2.3-4) can be rewritten for the plate as; 

fedWf ' K ljz
 h (° V ̂ '^ )dC (5'2'3-" 

where 

G • the generation rate In g/9 for the plate 

£ - the normalized position (y/L.) along the coolant path 

h(0 - g(5)/g - the normalized tritium production rate along the 
coolant path direction 

5 >» the normalized position [2x/iJ) In the plate thick
ness direction 

and 

T r(5,0 = (r|/i5 Do)exp (q/RT> 

T - TC5.C) 

If an exponential function Is used to characterize the variation of generation 
rate with £, then 

h(e) = ACO/I - ««*Pf-«<C+ Iff,)] t (5.2.3-7) 
1 - exp(-a) 

where 

and 

g(c) = the local tritium generation rate per unit volume 

g = the average tritium generation rate per unit volume 

a = a norvilmensional parameter In the exponential fit to the 
generation rate variation in the 5 direction. 

A detailed discission of the temperature distribution in the breeder 
plate Is contained in Section 5.2.2. For the purposes of this section, the 
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steady-state profile Is represented by: 

6 & aexp[-a(; + 1/2)] 
T(5,S ) - T (£) + -2-2 (1 - ?2) , (5.2.2-8) 

8k. [l - exp(-a)] 

where 

and 

T_{?) " the breeder surface temperature 
6 
0 V =* the average volumetric heat generation rate for the 

breeder 

d^ - the breeder thickness 

k^ " the average breeder thermal conductivity. 

From a computational viewpoint the only explicit Integration performed In 
Ea. (5.2.2-6) Is In the ^-direction. The Integration In the C-dlrection is 
approximated by subdividing the plate Into a number of axial sections, each 
with assumed constant heat and tritium generation rates. The inventories from 
these sections are then summed to approximate the inventory in a single plate. 

It is desirable for scoping calculations to replace Eq. (5.2.3-6) with a 
simpler analytical expression which explicitly includes important design vari
ables. If it is assumed that all of the plateB have the same temperature and 
trltium-peneration distributions, then the G in the equation can be replaced 
by the total generation rate (6) for the ceramic blanket. Also, by assuming 
that the breeder surface temperature is constant (at T m i n ) along the coolant 
path - an assumption which leads to a slight overpredlction of inventory, then 
Eq. 5.2.3-6 can be expressed in summation form as: 

r2G N 
I d - - g I (h./N)f, exp(Q/RT ) , (5.2.3-9) 

15D W ' ' X 

o 

where 

hj = N[exp(a/N) - l ] [ l - exp( -a ) ] - 1 e x p ( - a i / N ) 

h - a[ l - e x p ( - a ) ] 
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and 

5i " T«m + <2/«(W^ 
ft • (X exp^o/Rf^f?^ - l)] &K 

i T " Tmax " Tmin " W b 7 ^ kfc) 

N = the number of axial sections used for the analysis. 

Figure 5.2,3-2a shows the distribution of inventory in weight parts per 
Billion for the GA Li^O/He/FS plate design (G * 1.65 x 10~ 5 wppm/s, r - 10 
vm, T B i n - 510*C, and T m a x » 795 °C> as a function of a. The case a = 0 Is 
the highly Idealized situation of a uniform generation of heat and tritium 
within the plate. The more representative cane of a • 2.3 corresponds to a 
10:1 ratio of generation rates from the front to the back of the blanket, 
while o = 3.0 corresponds to a ratio of ~20:1. The assumed values of D and Q 
are 2.66 * 10~ 3 CBT/S and 19.72 kcal/mol, respectively, for Li 20. Notice that 
by neglecting the summation ^-er axial sections la » 0 In Eq. (5.2.3-9)}, the 
total diffusive inventory is 2.09 x 10~ 5 vppm (1.08 x 10~ 2 g ) , whereas by In
cluding the sum 1^ =4.46 * 10~ 5 wppn (2.31 x 10~ 2 g) for a * 2,3 and I d -
4.75 * 10~ 5 wppm (2.49 x 10~ 2 g) for a - 3.0. However, for all of these 
cases, the diffusive inventory for the LijO plates is exceedngly small. 

The calculations are repeated (Fig. 5.2.3-2b) for the GA r,iA102/Re/FS/Be 
plate design with 0 * 2.41 x 10~ 5 wppm/s, r - 0.1 U B , T ^ - 520ttC, T ^ ^ -
I000°C, D 0 - 1.1 x 10~ 6 CBI 2/S, and Q - 35.8 kcal/mol. The results are: I d -
4.60 x 10~ 2 wppm (18.3 g) for the idê lissed case of a - 0; t$ - 0.130 wppn 
(52.0 g) for <x » 2.3; and Irf « 0.155 wppm (61.8 g> for the more realistic case 
of a ~ 3.0. 

In the case of the cylinder, more convenient approximations to Ece. 
(5.2.3-4) and (5.2.3-5) can be obtained because the cylindrical unit ceil 
extends only a small fraction across the blanket thickness, whereas the plate 
extends across the whole thickness. Equation (5.2.3-4) can be rewritten as 

<XdWl " K n i ° ( f > ) f acyl » (5.2.3-10) 
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Figure 5.2.3-2a. Predicted distribution of diffusive tritium inventory in 
the L^O/He design as a function of normalized distance 
from the first vail. The parameter a determines the 
steepness of the generation rate profile (e.g. a = 2.3 
implies a max±Dum-to-mlnlmum ratio of 10). 
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Figure 5.2.3-2b. Predicted distribution of diffusive tritium inventory in 
the L1A102/He design as a function of normalized distance 
from the first wall. The parameter a determines the 
steepness of the generation rate Tofile (e.g. a = 2.3 
implies a maximum-to-minimum ratio of 10). 
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where 
T>(T) » the diffusion coefficient evaluated at the volume-averaged 

cell temperature 
G 1 » the tritiun generation rate of the cell cyx / a 

f - (B - l T 1 / exp [(0/RT) (f/T - l]] d| (5.2.3-11) 
I - r*/r2 
• - r»/r« 

r 0 - the cell outer radius 
r, * the cell Inner radius 
r = an arbitrary radial position within the cell 
T - the cell averaged temperature 
T - a local temperature within the cell. 

For the assumed case of radial heat flow from r to r^, the average and local 
temperatures are given by 

T min + i T rh" " im^TTTi - < 5 - 2 - 3 "^> 

T " T

m m + « Vllt-ttW' (5'2-3"13) 

where 

and 

T . = the minimum cell temperature (at r )̂ 

4 T = Tmax ~ T mln = t f t e r a d l a l temperature drop across the cel l . 

Summing Eq. (5.2.3-10) over the unit cells In the blanket gives 
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I d - G (r|/l5) j [D^]]"1 * ±( 5cylV 6 > (5.2.3-14) 

where 

G •= the total tritium generation rate within the blanket in g/s or 
wppm/p„ 

A further a implication of Eq. (5.2.3-14) Is -possible hy considering an "aver
age" unit cell to characterise the whole blanket. If It is assumed that the 
whole blanket is operating at the volume-averaged heat generation (Qv) and 
tritium generation [g) rates, then the cell size is defined implicitly by: 

4 fc, AX 
S In B - B + 1 - _ , (5.2.3-15) 

and Eq. (5.2.3-14) simplifies to 

l d - [r2/15 D(f)] f G . (5.2.3-16) 

Equation (5.2.3-16) has been compared to Eq. (5.2.3-14) for an extreme caBe of 
an LiA102/HzO/HT9/Be blanket with very steep gradients In Q y and &. The 
Inventory from Eq. (5.2.3-16) was only 14Z lower than that obtained by using 
the more detailed formula of Eq. (5.2.3-14). Figure 5.2.3-3 shows the results 
of the detailed calculation which yielded an inventory of 9.1 kg. Equation 
(5.2.3-16) gave 7,8 kg. Thus, Eq. (5,2,3-16) Is recommended for the blanket-
outslde-of-tube designs. 

A critical parameter in the equations for diffusive inventory is the dif
fusion coefficient. A review of the literature reveals a wide range of values 
for the diffusion coefficients for LioO and Y-LiAlOj depending on impurity 
levels within the sample, concentrations of water vapor in the sample and the 
atmosphere surrounding the sample, the rate limiting phenomena (e.g., hulk 
diffusion, grain boundary diffusion, dissolution surface desorption), and the 
experimentor's method for correlating and interpreting the data. A com
prehensive review of the data (prior to 1982) for l^O is contained in Ref. 2 
and summarized In Fig, 5.2.3-4 along with the latest single-crystal results of 
Guggi et al.^' The use of single crystals eliminated the uncertainties 
associated with polycrystalline materials regarding the grain boundary ef-
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Figure 5.2.3-4. Temperature dependence of diffusion coefficients 
for tritium, oxygen, lithium, hydrogen, and 
deuterium in Li.,0 . 

5-92 



fecte. Guggl et al's results for the diffusion coefficient of tritium In Li 20 
In the temperature range of 575 to 925"C are summarized by* ' 

ln(D/cm2 a - 1) - -(5.93 ± 0.48) - (l9.52 ± 1.01 kcal/mol)/RT , (5.2.3-17) 

where the ± numbers refer to three standard deviations. 

As no comparable experiment has been performed on single crystal f-

LiAlOo, a number of different experiments were reviewed and compared with the 
apparent dlffuslvitles calculated . from the TRI0-1 data (Fig. 5.2.3-5). 
Elleman et al* 4' 5' measured tritium diffusion In a related material (a-Al203) 
by recoiling tritium Into the samples and recording the transient tritium 
released during poet-Irradiation heating, the measured activation energy for 
the single-crystal samples was 57.1 ± 2.4 kcal/ool. For sintered saaples 
consisting of 4-ym graii? size, the apparent activation energy was 43.8 ± 2.5 
kcal/mol, which suggests the possible influence of grain boundary diffusion in 
lowering the effective activation energy for the sintered sample. 

Wiswall and Wirsing^6' ' measured the response of pre-irradtated Y-tlA102 
powders and sintered pellets to post-Irradiation annealing. They found very 
little difference in tritium release rates In loose powders and pelletlzed 
samples tested at 65CC. Their results are shown in Fig. 5.2.3-6 for the 
powdered samples (70-100 mesh) at temperatures of 500, 600, and SSO^C. While 
the grain size was not specified, a grain radius of 0.1 jjm Cauthois report 
submicron fine particle sizes) was assumed. Also, an error of a factor of ~2 
was corrected in their data analysis by using a more accurate approximation to 
the transient release fraction (f) equation, where t is time and T - r /D: 

f = 6/t/itt) - 3 t/T . (5.2.3-18) 

Yunker' ' reports results for tritium diffusivity in LiAKU In the temperature 
range of 400-650°C. Although no details are presented In the reference, the 
results are included in Fig. 5.2.3-6. junker's values of diffusivity per par
ticle radius squared were converted to the points plotted in the figure by 
arbitrarily assuming a grain radius of 0.3 um. Combining Yunker's data with 
the limited data of Wiswall and Wirsing suggests a range of activation ener
gies of 35 to 50 kcal/mol. 
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Figure 5.2.3-5. Diffusion coefficient for tritium in 7-LiA10 2 determined 
from selected TRIO runs in which intragranular diffusion 
appeared to be the rate limiting phenomenon In tritium 
transport. The one-sigma bands are baaed on uncertainties 
In the generation rate (6) and the inventory CI). 
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Figure 5.2.3-6- Comparison of selective data for tritium diffusion in y-
L1A102 with TRIO-1 correlation (including uncertainties in 
grain size, inventory, and generation rate). 
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The TRIO data for rung 1-8 and 28-33 v.re analyzed to determine s bulk 
diffusion coefficient for tritium diffusion In y-Ukldz* These runs were 
chosen because they exhibited characteristics of a bulk-diffusion-dominated 
transport mechanism. The sweep gas for all of these runs contained at least 
0.1% Ho which would tend to minimize the inventory associated with surface 
desorptlon. Equation (5.2.3-16) was inverted to solve for D(f) as a funct'op 
of the measured temperatures, the pre-irradiatlon grain size, the calculated 
generation rates, and the Inventory measured directly for run 33 and deduced 
from release measurements for the other runs. Figure 5.2.3-5 Bhows the 
results for diffusion coefficient as a function of volume-averaged tempera
ture. The results (which include a one-standard-deviation uncertainty esti
mate in I d and G) are summarized by: 

ln{D/cm2.s-l) = (-13.7 ± 2.3) - (35.8 ± 3.9 kcal/raol)/RT (5.2.3-19) 

For the purposes of comparison to other inve;r.lgators, a ±30% uncertainty Is 
associated with grain size because of the variability of grain size in the 
ssmple. Statistically Including this in Eq. (5.2.3-19) gives: 

ln(D/cm2.s-l) a (-13.7 ± 1.8) - (35.8 ± 3.9 kcal/mol )/RT (5.2.3-20) 

Equation (5.2.3-20) is plotted in Fig. 5.2.3-6 and compared to the results of 
Yunker and Wlswall and Wirsing. Given that no uncertainty Is Included In the 
data of these authors, the agreement among the experimental results appears 
adequate. 

Considerably lower activation energies have been obtained by other 
experimenters in less controlled experime ,s. Guggi et al^ ' performed post-
irradiation annealing experiments on y-LlAlO, powders which were sonically 
sifted to a mean particle radius of 35 \jm. They report an activation energy 
in the temperature range of 450-700°C of Q - 13.15 ± 0.27 kcul/mol. In 
addition, they report^10* a diffusivlty of 7.2 x 10~8 cm2/s at 900°C for a 
fused sample with a mean grain diai eter of 1300 urn. One complicating feature 
of their experiment was that both the samples and the argon sweep gas con
tained substantial amounts of wafer vapor resulting primarily in the release 
of T2O and HTO. Similarly, Vasillev et al.^ 1 1' give an activation energy of Q 
~ 13.8 kcal/mol for tritium diffusion In LiAlOj in the range of 400-800°C. 
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Sample calculations have been performed for the LiAK^/R^O/FS/Be design 
using Eqs. (5.2.3-15, -16, and -19). The input parameters for ti-is study 
are: 0 - 866 g/day, 1^,, - 1000'C, r g - 0.1 jim, I - 18 W/cm3, r± - 0.650 cm, 
and k b - 1.1 W/a«K. Figure 5.2.3-7 shows the predicted diffusive Inventory as 
a function of the minifflum blanket temperature (T | 1^ n). The sensitivity of Ij 
to T_ l n is clearly demonstrated in this figure. At a minimum blanket tempera
ture of 3350C, the diffusive inventory is estimated to be ~2 to ~10 kg with a 
nominal value of 4.5 kg. An increase of only 15°C in T o i n results in a 50* 
decrease in Inventory. 

Solubility 

The solubility of hydrogen isotopes and water vapor in Li^O has been 
studied by several investigators. The results for the solubility of water 
vapor in LijO were summarized in the 1983 BSCC study/ ' In order to avoid 
precipitation of LiOH (LiOT) as e. separate phase, the porosity/purge partial 
pressure of H2O is limited by 

!

(3.47 x 106 atra) exp(-30.8 kcal/raol/RT) for T £ 744 K 
(5.2.3-21) 

(1.86 x 10J atm) exp(-20.1 kcal/mol/RT) for T > 744 K . 

Assuming partial pressures of H2O (TjO) below these limiting values, the mole 
fraction of dissolved LiOH (LiOT) in Li20 is given by 

+ (-17.677 + 2.502 x 10"2 T - 9.62 x 10"6 T 2) , (5.2.3-22) 

where p„ „ =• H,0 partial pressure above L1,0 in atm, 

Ihle and Hu^ ' studied the solubility of deuterium In solid Li20 under 
isothevaial (515*0) conditions. L 12° samples in open platinum boats were 
exposed to a deuterium atmosphere for a period of time. Based on the decrease 
in pressure due to absorption of Do, they calculated the atom fraction in the 
solid. For deuterium pressures less than 1 torr (133 Pa), the relationship 
between dissolved fraction and deuterium pressure p_ was approximately linear 
suggesting that Dj molecules are the dissolved species: 
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X D - 6 appn (pD /Pa) . (5.2.3-23) 

Generalizing their results to the case of a T 2, fyt "T environment and assuw-
Ing no isotoplc effects lead to the following eountion for Xo. in appm and 
wppn: 

^ - 6 appm (1.8 wppm) • ( P T + P H T/2) f (5.2.3-24) 

where the partial pressures of To and HT are in Pa. Equation (5.2.3-24) is 
valid for p^ + p„„ + p_ < 100 Pa. For excess H2 leading to pressures above 
-100 Fa, the absorption saturates at -650 appm of hydrogen isotope. 

The implications of Eq. (5,2.3-24) can be evaluated for two extreme 
cases. Assume that the purge stream in a reference blanket contains 1 Pa of 
T 2 and no HT. Then Eq. (5.2.3-24) predicts 1.8 wppm or -1 kg of tritium dis
solved in the reference I^O blanket. For the second case, assume that the 
purge contains HT and H2 with pjjT + p„ < 100 Pa and p ^ - 2 Pa. Then, Eq. 
(5.2.3-24) predicts the same results as with pure T2. However, if pjjT + 
p„ » 100 Pa due to swamping the system with Ho, the dissolved tritiLn could 
H 2 ' 
decrease. As an extreme case, assume | w - 2 Pa and p™ ™ 1000 Pa. j'Bing a 
limit of 660 appro results la 0.2 wppm of tritium in the sol td or 0.1 kg in a 
reference blanket. 

Kurasawa and MBroni^ ^ highlight e possible problem with adding hydrogen 
to the sweep or purge gas for an LioO blanket. Under the nonisothermal condi
tions of the blanket, the volatile hydrides LiH and LIT could form. While 
very little LiH (LIT) is expected to form under isothermal conditions, if the 
hydride were continuously transported out of the solid in a temperature gradi
ent, the reaction could cause a problem with regard to mass transport of lith
ium out of the system. 

More work needs to be done to determine the solubility of hydrogen iso* 
topes in LljO as well as LiA10 2. For example, Ihle and Wu. performed a sepa
rate experiment in which the L1,0 was in a closed iron capsule. Their 
results at 515 and 600°C indicated approximately one-tenth the solubility of 
Do in LijO under these conditions. The authors argue that these samples 
probably did not come to equilibrium. Also, based on their experiment, it is 
not clear whether they were measuring surface adsorption or matrix Bolubility. 
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Surface Adsorption 

In addition to the mechanisms associated with solubility within the 
tutrix of a ceramic, the surface (e.g., pore/solid surface area) could act as 
a trap for the tritium species evolved. As the mechanisms associated with the 
surface effects are very complicated and as It Is difficult to sort out solu
bility from surface adsorption In many experiments, the approach taken In this 
subsection Is to examine experimental results for LIA102 for which the solu
bility is assumed negligible. The tritium inventories deduced from the 
TRIO-01 test are used for this purpose. 

TRIO runs 1-8 and 28-33 were used to determine the in-reactor diffuslvlty 
of tritium in LiAlO, (Fig. 5.2.3-5). These runs were selected because they 
exhibited the degree of temperature sensitivity one might expect from a pro
cess controlled by bulk diffusion. Also, for these runs, 0.1-1X hydrogen was 
added to the helium sweep gae, thereby minimizing the effects of surface trap
ping of tritium. However, after run 8, the hydrogen was removed from the 
sweep gas causing an instantaneous depression In the tritium release rate and 
an Increase in tritium inventory. Figure 5.2.3-8 shows the difference between 
inventory remaining after each of these runs and the calculated diffusive In
ventory. This difference, I - I d, Is attributed to surface adsorption In this 
discussion although other Interpretations are certainly possible. 

While purge chemistry effects on tritium release clearly need more exper
imental work and modeling, a surface adsorption inventory of 1 » 3 ± 2 vppm 
is used for Y-L1A10 Z blankets with pure helium for a purge gas. Based on TRIO 
runs 1-8 and 28-33, l a - 0 If 0.1X H 2 is added to the purge gas. 

The Japanese ln-situ experiment (V0M-15H) demonstrated that LijO Is also 
sensitive to purge chemistry similar to that observed in TRIO-1. Figure 
5.2.3-9 shows the release rate to generation rate fraction as a function of 
time for two sweep gas conditions. With the temperature held constant, the 
release rate decreases by a factor of ~10 when hydrogen Is removed from the 
sweep gas. Addition of the hydrogen after 13 h causes a burst release. How
ever, without further experimental controls, it is very difficult to determine 
whether the excess tritium is associated with solubility effectB, surface 
effects, or artifacts of the metal piping in the system. 

To further explore the degree to which Y-L1*102 and tl 20 behave similarly 
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with respect to environment, the results of the FOBR-IA 100-day (~1 att °Li 
burnup) irradiations are examined. Both the r"LiA102 and the I^O c a P S u l e a 
are analyzed with the equation: 

I a + I„ - I " I d , (5.2.3-25) 

where 

1 is measured inventory 

I d 1B the calculated diffusive Inventory 

and 

I. + I_ is the excess inventory. 
a o 

Figure 5.2.3-10 shows the excess tritium Inventory for the two solid 
breeders. Except for f-LiAH^ at low temperature, the calculated diffusive 
Inventory was negligible compared to the measured inventory. Even for the 
low-temperature Y-LIAIO2 ci6e, the calculated inventory was only ~10T of the 
measured inventory. Curve fitting of the temperature dependence of (l - 1^) 
showed that the apparent activation energies for both I^O and Y-LIAIO2 are In 
the range of 8-9 kcal/mole, which is consistent with a surface desorption phe
nomenon. While the results shown in Fig. 5.2.3-10 may raise more questions 
than they answer (especially when compared to the TRIO-1 results in Fig. 
5.2.3-8), it appears that Li20 anl LiAlf^ behave in a comparable mannet with 
regard to excess inventory due to a surface adsorption mechanism. For design 
calculations, the same surface adsorption inventory (3 ± 2 wppm) for Y~LiAl02 
is also used for Li^O v;ith a pure helium purge gas. 

Porosity/Purge Stream Transport 

The buildup of tritium partial pressure in the interconnected porosity 
and the purge stream has received a great deal of attention In the past* 1 5* 1 6' 
because ot concerns about solubility and permeation into the primary coolant. 
The resu">s of earlier modeling efforts are summarized in the following. 

If it is assumed that the partial pressures el" the released tritium and 
helium are small compared to the ambient pressure of the purge stream, then 
the transport of tritium through the interconnected porosity ia dominated by 
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gas diffusion. For a cylindrical unit cell with the purge tube located next 
to the coolant tube, an expression can be derived for the maximum and average 
tritium partial pressure in the Interconnected porosity 

PA 
(1/e- 1)RT i.rff(B) 

(pJ, + —-S-i , (5.2.3-26) 

where 
A » the tritium species (e.g., HT, T2, HTO, T2O desorbed 

from the pore/solid surface) 
(pAJ - the partial pressure of A in the purge stream 

e = interconnected porosity fraction 
R = the universal gas constant 
T = the average temperature in the porosity 

%y = the generation rate of species A per unit of 10055 
dense solid volume 

r^ = the inner radius of the unit cell 
W A - the molecular weight of species A 

f (S ) = 0 1 n S - 6 + l for maximum p f t 

= (B In fi - B + l)/(S - l) average p A 

8 = r2/r? o J. 

r 0 - the un:Lt cell outer radius 
D (f) = the effective diffusion coefficient for tritium 

species A In helium evaluated at the average cell 
temperature. 

The expression for D R depends on the ratio of mean free path for molecu
lar collisions (\) and the average pore radius ( r_). For A/r > 10, Knudsen 
diffusion dominates and the diffusion of A is independent of the presence of 
the helium^ 1 7' 

D e - Dj^/T , for X/r p > 10 , (5.2.3-27) 
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where 

T - tortuouaity <l/e < T < 2/e) 

\ k - (2 rp/3)[8 RT / T I W A ] 1 / Z . 

At the other extreme, l*e., X/r < 0.1, ordinary molecular diffusion dominates 
(18) tha transport process and D e is independent of the pore radius*' ' 

P - D.D/T, for \/r < 0.1 , (5.2.3-28) 

where 

D A P - (C/p) T n 

p = total pressure In atmosphere 

T « temperature in K 

C = 4.6 x 1(T5 cm2/8'atra for WT 
= 4.2 x 10"5 ca2/s-atm for T 2 

- 3.6 x 10~ 6 cm2/s«atm for HTO 

*= 3.5 x 10 - 6 co?2/s*atm for T 20 

n - 1.R23 for HT and T 2 

= 2,334 for HTO and T 20. 

In the transition region between Xnudsdn diffusion and ojrjinary diffu
sion, the following effective diffusion coefficient Is recommended' ' 

0 = [T(l/D„. + 1/D„)] _ 1 , for 0.1 < X/r < 10 . (5.2,3-29) e K KA AD J — p — 

Equation (5,2.3-26) with auxllliary Eqs, (5.2.3-27) through <5.2.3-29> ia 
recommended for scoping calculations. While a number of simplifying aSBuap-
tlons were invoked in deriving these equations (e.g., isothermal unit cell), 
the estimated error associated with these assumptions 1B less than ±202. This 
error la acceptable In light of the factot of 2 uncertainty in the tortuouslty 
factor T. A relationship similar In form to Eq. (5.2.3-26) can he derived for 
the plate geometry. For a variety of tailored mlcrostructures (e.g., sphere-
pac, Mroodal pore structure, monolithic structure with average pore radii >5 
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Vim), the rise in tritium partial pressure across a unit cell is <1 Pa. 

The average partial pressure In the purge stream can be derived from mass 
balance considerations under steady operating conditions. The partial pres
sure of tritium species A Is simply 

1*K\ ' " A E V V (5.2.3-30) 
where 

n, *• the production (or arrival) rate of tritium species A 
In the purge channel 

T = the average purge stream temperature 

and 
V = the volumetric flow rate of the purge. P 

Equation (5.2.3~30) can be used on a unit cell basis to find the distribution 
of (p A) across the blanket thickness or on a whole-blanket basis. 

Permeation and Leakage 

Permeation of gaseous species through a structural membrane can often be 
represented by the Richardson equation^ ' (assuming one-dimensional flow): 

j = _ D i £ = _ 2 £ (^_/^) , (5.2.3-31) 
m 

where 

D = diffusivlty of tritium species in the membrane, 
S = Sievert's constant (solubility of tritium species in 

the memhrane), 

d m = membrane thickness, 

P)>P2 = upstream (breeder Bide) and downstream (coolant 
side) pressures of tritium species, respectively. 

Permeability is defined as P m = DS. For a negligible downstream pressure 
(p 2) in the coolant (i.e., p 2 « Pj), the rate of tritium species 
into the coolant loop is then 
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m - JA = -. — / p, , (5.2.3-32) d i 

m 
where A ie the surface area of the structural material exposed to the purge 
stream. 

Pew data exist for tritium permeation through structural materials. How
ever, hydrogen permeation data through materials are quite extensive. In a 
recent literature review, Hassaneln and Sze1 ' surveyed the permeation data 
of hydrogen and its isotopes through Iron and three other steel alloys (chrom
ium ferritic steels, austenltlc steels, and high-temperature steel alloys). 
Assuming applicability of the Richardson equation (Eq. (5.2.3-31), Hassanein 
and Sze recommended the following correlation for tritium permeability in HT9 
(based on data of chromium ferritic steels): 

P = 2.69 x 10 exp (- 11100/RT) , (5.2.3-33) 

where P is In units of aai (STP)/cm«statm1' , and the HT9 surface is assumed 
to be relatively clean (i.e., no oxide layers). Inspection of the scattered 
data shows that they deviate from Eq. (5.2.3-33) by -*50%. P_ can be conver
ter* Co grams or Curies and used in Eq. (5.2.3-32). 

More significant to the hydrogen (tritium) permeation through bare metal 
alloys is the effect of oxide layers, either preformed or formed in-eitu on 
the metal surface. One group of data on high—temperature steel alloys shoved 
permeation Impeding factors as high as 500 at 650°C for InCOloy 802. Impelling 
factors for other alloys varied ever a wide range to as low as 5 for In586 at 
650°C. Oxide layer effects on hydrogen permeation through HT9 have not, been 
experimentally Investigated. For conservatism, a range of impeding factors 
(1-100) are assumed. In later calculations, these impeding factors are simply 
used to reduce P_ in Eq. (5,2,1-33) before it is substituted Into Eq. (5.2,3-
35). Also, since the assumed range of the oxide Impeding factors more than 
embodies the correlation uncertainties (±50%) of the bare-alloy permeability, 
no separate consideration of the latter uncertainties la judged necessary. 

For tritium leakage calculations, several different conditions may exist 
depending on the purge stream chemistry. In the case of no hydrogen addition 
to the purge stream, the probable tritium species are T2 and T3O. If ;̂he 
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predominant species Is T2 (e.g., 99X), then Eq. (5.2.3-32) may he used direct
ly. If the predominant species Is TjO (e.g., 992) which is assumed not to 
permeate through the coolant tube, then pj in Eq. (5.2.3-32) is interpreted as 
the T 2 partial pressure only. However, as solid breeder designers have 
elected to sdd 100 wppm hydrogen to the hellun purge stream, some modification 
of the equation is required to reflect the isotope swamping effect. Based on 
TRIO-1 results, this situation produces tritium primarily in the form of HT. 
Equation (5.2.3-32) is modified to separate out the permeation of the tvo 
hydrogen Isotopes: 

% + TIT " ( P m A / d J / pHT + * H 2 " (5.2.3-34) 

Equation (5,2.3-34) is indeterminate. However, the 100 wppa of H2 in the 
purge corresponds to pjj - 2 0 Pa for a 1 ato (1.01 x 10 J Pa) helium purge 
straao). Under these conditions, it is reasonable to assume that Pfj<ĵ Pjj « 
1. Equation (5.2.3-34) is thus rewritten in the following form to allow sim
plification under these conditions: 

t 1 + W^V'./V) - ̂ ^ P H T ' % 2 - (5.2.3-35) 

Being the assumptions p^/p-, « I and tLT/m_ « 1, we have 

% - (V̂ J ^ (5.2.3-36) 

<Vr = KKn*>m!^z ' (5.2.3-3?) 

Using the re l a t ionsh ip m- = 3 '<L_M, we have an expression for the leakage 
r a t e of t r i t ium from the breeder to the primary coolant 

*T * ^ V 8 d« W ' % 1 • (5.2.3-38) 

The effects of isotope swamping can be seen clearly from Eq. (5.2.3-33) As 
the partial pr* lure of H5 is increased, the allowable partial pressure of HT 
i& increased for a fixed IJL,. 
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For the case of a pure helium purge stream, Eq. (5.2.3-32) (with the la-
put In Table 5.2.3-1 and a tritium generation rate of 890 g/day) becomes 

ijy - (2.31 x 105 ci/day-Pa1'2) /RJT/BJ , (5.2.3-39) 

where B f Is tha total barrier factor for the coolant tube (e.g., B^ » the 
number of oxidised surfaces times the impedance factor (If) for one surface). 
For a leakage rate of 100 Ci/day» the range of limiting T 2 partial pressures 
In the purge la from 1*9 x 10 Pa for B f - 1 (.dean walls) to 0.017 Pa for B f 

= 300 (three oxide surfaces and IF » 100). It IB doubtful that any realistic 
designs could achieve such limits for reasonable purge flow Conditions. The 
corresponding purge volumetric flow rate la obtained by combining Eqe. (5.2.3-
39) with Eq. (5.2.3-30) to give 

2 
v = (4.74 * io*» L/B) {£Md£L) ( i ) . (5.2.3^0) 

Table 5 . 3 . 1 . Solid Breeder Blanket Parameters Used in Tri t ium 
Permeation and Pur«5e Flow Design Calculat ions for 
the L1A10 2/R 2QM/Be Design 

Parameters Values 

Structural material HT9/DVT 
Structure thickness (mm) 2 (0.75) 
Total structural surface area exposed 
to purge (m 2) 

1.74 x.,10* 

Average structure temperature ( CC) 335 
Purge channel cross-sectional area (cm 2) 0.283 
Average purge chanr.sl Icugth (m) 6 
Average purge temperature (°C) 350 
Number of unit cells 1.202 x 10 5 
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For B f - 300, i^ - 100 Ci/day, end Bjj)/PT • 0*01, tf„ • 5.2 x 10 5 L/e which 
corresponds to 150 M/S linear velocity. However, for Bf » 300 and either ij. -
1000 ^l/day or P T ,/p.j. " °«"» ^ • 5,2 x 10 3 L/s and U - 1.5 m/s. 

The above calculations assuae that the helium purge stream contained no 
added hydrogen. The affect of Isotope swamping (fill now be examined. For the 
design case of 100 wppm protiua In the helium pur/,e stream pressure of 1 atm 
at 350"C, the hydrogen partial pressure entering the blanket Is 2 x 10 - 4 atm 
(20.3 Pa). Substituting this partial pressure Into Eq. (5.2,3-38) gives 

ij - (1.92 x 10" Ci/day.Pa)(Pffr/Bf) . (5.2.3-41) 

For a limit of 100 CI/day and a barrier factor of 1 - 300, the range of Halt
ing m partial pressures is from 5.2 x 10~3 Pa to 1,6 Pa. Figure 5.2,3-11 
shows the relationship between the limiting HT partial pressure in the purge 
and the leakage rate with the barrier factor ae a parameter. In the figure, 
IF refers to the oxide impedance factor for a single surface. The total 
barrier factor for the double-walled tube (DWT) is assumed to be Bf « 3 IF. 

The: limiting purge flow rate corresponding to Eq. (5.2.3-tO) is 

V > (3.5 x 10B L/s) ( C l / < l ay) , (5.2.3-42) 
P Bf *T 

if it *s assumed (cc-servatively) that no HTO Is formed. V is plotted «• • 
function of m_ with IF as a parameter in Fig. 5.2.3-12. For the reference 
case of ft. =• 100 Ci/day and IF - 100 (B f - 300), the Minimum volumetric flow 
rate is 1.2 x 10* L/s which corresponds to 3.5 m/a linear velocity. 

5.2.3.7 Transient Tritium Behavior 

The purpose of describing the transient behav*cr of tritium in the eolid-
breeder blankets ia to understand the response time of the system to the Ini
tial reactor startup and to pulsing operation that may be used in a test reac
tor. The thermal and tritium transport response times are important factors 
in establishing limits on the minimum burn-dwell times uf a test reactor such 
that the testing results are qualitatively representative and quantitatively 
extrapolatable to full-scale commercial-reactor operating conditions. 
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breeder through the HT-9 cladding. The parameter IF refers 
to the assumed oxide impedance factor. 
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Figure 5.2.3~12. Minimum purge-channel volumetric flow plotted as a function 

of the maximum tritium leakage rate (see Fig. 5.2.3-11). 
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Bulk Diffusion 
Classical solutions exist in heat and mass transfer literature* ' to 

describe the transient diffusion of tritium from an Isothermal, spherical 
grain with the ffraln boundaries acting as a perfect sink for tritium. Tbe 
fundamental equation for the Inventory (I.*) within the grain Is: 

f + R ' G , (5.2.3-43) 
s s s 

where 
R =• release rate from the grain 

g and 
G » generation rate within the grain. 

The release rate is related to the gradient in tritium concentration (c) 
at the grain surface by: 

R - -4irr2D(3c/3r) , (5.2.3-43a) 
g g \ 

where (3c/3r)r must be found by solving the diffusion equation. Solutions 
can be found in the literature for several Idealized, but useful, cases. For 
a stf-> change in generation rate and temperature (i.e., instantaneous startup) 
and zero Initial tritium concentration, we have 

at 

R ft - 1 - ( 6 / n 2 ) f ( i /„2) expf-nZirZc/t) (5 .2 .3-44a) 
E g n-1 

1 / ( 1 ) - 1 - (90/TT1*) T ( l / n ^ e x p f - n W x ) , (5.2.3-44b> 
g g SS n-1 

where T = r^/J). 
g 

Plots of the fractional release rate and inventory are shown in Fig. 
5*2,3-13 as a function of dimenftonless time for the case of instantaneous 
reactor startup. Note that the inventory fraction lags the release rate 
fraction. 

A useful approximation to Eq. (5.2.3-43) can be obtained by assuming that 
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ligure 5.2.3-13. Comparison between exact and approximate analytical solutions for 

intragranular diffusion in a spherical grain In response to a step 
increase in generation rate. 



the tritium concentration maintains a parabolic profile during the transient. 
The appropriate differential equation is: 

I + 15 I /T - G„ , (5.2.3-45) 
g 8 g 

Solutions to this equation for the Instantaneous startup problem are: 

R /G - I /fl 1 - 1 - expf-15 t/x) . (5.2.3-46) 
g g g 8 g S 

The approximate and exact solutions are shown in Fig. 5.2.3-13. 

Another useful solution to the diffusion equation is for the case of step 
changes in temperature for constant generation rate. If It Is assumed that 
equilibrium has been achieved before the step change in temperature (T, • T ? 

at t - o), then the exact solutions are: 
CD 

R /& - 1 + ( T , / T 2 - lK6/w*) I ( l / n 2 ) exp[-n 27f zt/T 2 } (5 .2 .3-47a) 
B g

 n - l 

and 

I g / ( l g ) = 1 + ( T I / T 2 - l ) (90 / i r 4 l I (l/n 1*) ex P ( -n2n2t /T 2 ) <5.2.3-47b) 
where 

T 2 - r2/D(T 2) 

and 

^ S S 2 ' ^ / 1 5 ) % ' 

The extension of the single-grain model to the unit c e l l s shown in Pig. 
5.2,3-1 can be done formally by integrating over the generation rate* and te 
peratures within the unit c e l l s . For the case of the cylindrical unit c e l l 
have 
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(R/G) c y l - (6 - If 1 f (Rg/Gg) d5 (5.2.3-48.) 

and 

(I/Iss) - (B- l) - 1 f (I*X S)<U (5.2.3-48b> 
cyl l 

where E = r2/r2 and B - r2/r? as before, o 0 1 
Calculations are performed with the Idealized analytical solutions to 

verify the model with Its L1A102 diffusion coefficient and to Investigate the 
system response time. Three TKIO-1 tenperature transients are analyzed with 
Eqs. (5.2,3-47) and (5.2,3-48), The runs were selected based on: (1) 0.12 H 2 

addition to the purge gas so that bulk diffusion is the rate-Uniting mecha
nism; (2) relatively rapid tenperature rise to natch the analytical assump
tion; (3) steady—state inventory achieved prior to the tenperature transient; 
and (4) clarity of the experimental response signal. Figures 5.2.3-14 through 
5.2.3-16 show the measured temperature (T ), generation rate (G), and release 
rate (R ) for TRIO runs 8, 28, and 31. Also shown are the assumed temperature 
transient (T ) and the analytical predictions for the tritium release rate 

^ a-[R , R . , and R 1 based on the nominal, minimum, and maximum values of v nom' min' max' * 
the diffusion coefficient determined from the steady-state data in Fig. 5.2.3-
5. Qualitatively, the agreement is excellent. Increases in temperature (runs 
8 and 31) cause burst releases followed by a return to equilibrium. Decreases 
In temperature (run 28) cause a depression in the release rate followed by a 
return to equilibrium. The quantitative comparison between data and predic
tions is satisfactory considering the data uncertainties (±102) and the 
idealized assumptions used in the analytical solutions. 

Calculations have also been performed to characterize the tritium res
ponse (due to bulk diffusion) of a full-scale LiAKK blanket to an Instan
taneous reactor startup. Figure 5.2.3-17 shows the release rate and Inventory 
fractions for the reference LiAlĈ /Ĥ O/FS/Be blanket as a function of time and 
fluence (assuming 5 MW/m neutron wall load). Equations (5.2.3-44) and 
(5.2.3-48) were used for these calculations under the assumption that an 
average unit cell can be used to characterize the blanket response. The 
release rate reaches 67.4% of equilibrium in ~1 min and asymptotically ap-
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Figure 5.2.3-14. Analytical predictions for the nominal transient tritium release rate (Rnom) f' r a n 

idealized temperature variation with time (T-). Experimental values for teapera-
ture (T e), release late (Re), and generation rate (G) for Run 8 are also shown. 
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Figure 5.2.3-17. Tritium response to an Idealized (I.e. Instantaneous) 
reactor startup for the L1A102/H20/HT9/Be design with 
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proachee 99% of equilibrium at ~2 mo of blanket operation. The times to reach 
thermal equilibrium have been estimated at ~1 min for a unit cell near the 
first wall, ~8 min for an average unit cell, and ~45 min for a unit cell near 
the reflector at the back of the blanket. Therefore, the model assumption of 
instantaneous startup is reasonable for estimating the time to reach 99% of 
equilibrium tritium release rate. 

The Inventory is much more sluggish than the release rate. It takes ~6 
mo for the Inventory to build up to 67.42 of its equilibrium value and ~4 y to 
each 99% of equilibrium. The reason for thi,3 is that most of the inventory Is 
building up in the lower temperature LiAK>2 grains near the coolant tube 
wall. The response time for these cooler grains is quite slow. 

The sensitivity of the time constants to reach 67.4% and 99% of equillb-
lm release rate to the minimum operating temperature is shown in Table 

5.2.3-2 for a constant maximum temperature of 1000°C. Clearly, the time to 
reach 67.4% of equilibrium is relatively Insensitive to T m l n , whereas the time 
to reach 99% of equilibrium is highly sensitive to T t . 

Table 5.2.3-2. Time to Reach 67.4% and 99% of the Equilibrium Release Rate 
as a Function of Minimum Blanket Temperature for a Water-
Cooled L1A102 Blanket with a Maximum Temperature of 1000aC 

T mln 

CO 

T 6 7 . t (a) T99 ( s ) T mln 

CO Min. Horn. Max. Min. Norn. Max. 

600 

550 

500 

450 

400 

375 

350 

325 

300 

15.5 

17.9 

21.2 

24,6 

29.0 

31.7 

34.8 

37.8 

41.0 

29.2 

33.7 

38.9 

44.6 

51.5 

55.4 

59.4 

64 .4 

69.5 

55.4 

62 ,8 

71,3 

81 .0 

91 .8 

97 .8 

104 

112 

119 

4,50 x 1 0 3 

1.43 x 10* 

4.16 x 10* 

1.35 x 1 0 5 

5.22 x 1 0 5 

1.11 x 1 0 6 

2.57 x 1 0 6 

6.16 x 1 0 6 

1.53 x 10 7 

5.22 x 10 3 

1.45 x 10* 

4.67 x 10* 

1.77 x 1 0 5 

8.53 x 1 0 5 

1.98 x 1 0 6 

4.87 x 10 6 

1.33 x 10 7 

3.71 x 10 7 

6.05 x 10 3 

1.50 x 10* 

5.27 x 10* 

2 .35 x 1 0 5 

1.34 x 10 6 

3.41 x 1 0 6 

9.67 x 1 0 6 

2.74 x 1 0 7 

9.30 x 10 7 
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Similar studies can be done for the plate design in Fig. 5.2.3-1. How
ever, the equations are More complicated because of the variation of genera
tion rate and tenperature with position within the plate. Using an approach 
analogous to that used in deriving the ateady-Btate Eq. (5.2.3-9), the res
ponse to an instantaneous startup can be formally written as 

R/G - 1 - I (hf/»)(6/«2J I (1A.2) 
i-1 * n-1 

* / ' expf-n 2 n 2 t /T, 1 dlj (5.2.3-49a) 
n 1 

i i d 

I / I - 1 - I (h /N)(90M) I (1/n") 
" i-1 * n-1 

/ T, exp(-n z n z t /T ) d£ 

J T i d ? 

(5.2.3-49b) 

where T = T(T ) and IgS is given by Eq. (5.2.3-9). 

Because of the complexity of the plate equations, an upper bound is 
rnlculated for the equilibrium times for tritium diffusion. By assuming that 
all of the breeder is at the minimum operating temperature, T m i n , the time for 
the release rate fraction to reach 99% of equilibrium Is bounded by 

(t 9 9). < O.42(r2/Do) e Xp(0/RT m l n) (5.2.3-50a) 

and the time for the inventory fraction to reach 99X of steady-state Is 
bounded by 

( T 9 9 ) I < 0.46(r2/l>oJ exp(Q/RTiiiln) . (5,2.3-50b) 

For the L1A102 plate design, r - 0.1 urn, D Q - 1.1 x 10~ 6 cm2/a, Q - 35,8 
kcal/mol, and T m l n - 793 K (520°C) which result in [ T 9 9 ) » < 3.3 days and 
LT99)j < 3 « 6 days. For the L J,0 plate design, r - 10 vim, D 0 - 2.66 x 10~3 
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cm2/s, Q » 19.72 kcal/mol, and T m i n - 783 K (510°C) which result in ( T 9 9 ) J < 
51 s and [igg]. < 56 s. Therefore, the tritium response time for the Li 20 
plate design is of the same order of magnitude as the thermal response time. 

The preceding analyses for the LiA102 designs are significant in that 
bulk diffusion has been identified as the rate-limiting phenomenon in tritium 
transport for the case of isotopic swamping of the purge with protium. How
ever, for Li 20 designs, the calculated tritium diffusive inventory is low and 
the response time for this component is relatively fast (on the order of the 
thermal response time). Thus, it is important in the case of Li 20 to examine 
other mechanisms whose time cosntants may determine the overall transient 
transport of tritium in the Li 20 design. 

Solubility 

Depending on the partial pressure of T 20 (or HTO) in the purge and inter
connected porosity, a certain amount of tritium will be retained in the Li 20 
as LiOT. For a range of temperatures and partial pressures, LiOT will pre
cipitate out as a separate phase. Describing the transient response of such a 
process is complicated by the uncertainty in the diffusing species of tritium. 
One possible sequence of reactions isr 

n + LizO + LiOT + Re (5.2.3-51a) 

and 

2L10T * Li 20 + T 20 . <5.2.3-51b) 

These reactions are probable i:.r relatively high concentrations of LiO, 
T, and LiOT. However, in fusion applications, concentrations of retained 
tritium are often <10 wppm. Such chemical reactions for the dilute system 
will depend on the diffusion rates of the species involved (see Fig. 5.2.3-5). 

For the case of relatively pure Li20 and helium purge, it is assumed 
that tritium and oxygen must diffuse to the grain boundaries and the pore/ 
solid surfaces before T 20 is formed. As the tritium and oxygen on these 
surfaces achieve en equilibrium concentration, T 20 is desorbing from the sur-
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face and percolating through the Innerconnecced porosity to the purge. The 
establlahnent of an equilibrium concentration of tritium In the LijO then 
depends on Che bulk diffusion, surface desorption, percolation, and convection 
tine constants. 

The time constant associated with percolation based on TjO diffusion 
through the helium gas is on the order of 

t p - L|/De , (5.2.3-52) 

where t_ is the effective diffusion path length and D e is the effective diffu
sion coefficient for T«0 in helium. For the case of the cylindrical geometry 
in Fig. 5.2.3-1 with the purge stream located near the coolant tube, L p has 
values of 0.35 cm, 0.77 cm, and 1.62 cm, respectively, at the front, "middle", 
and back, of the blanket. The effective diffusion coefficient depends on the 
microstructure of the blarfcet. For the sphere-pae design with 100% dense par-
ticles of 1200 urn, 300 um, and 40 ura, the average pore size la large enough to 
justify the use of ordinary diffusion theory. Therefore, from Eq. (5.2.3-28), 

D e > (e/Z)(3.5 x io~ 6 cin2/s-atm)(Tz'33Vp) . (5.2.3-53) 

For e - 0.15, T - f - J100 K, and p - 1 atm, t. < 1 «, Therefore, for the 
purposes of this study, diffusion through interconnected pofosity can be con
sidered to be instantaneous for the cylindrical unit cell in Fig. 5.2.3-1. 
Similarly, the convective time for the purge gas is on the order of 

t c - Lc/U < 6 s , (5.2.3-54) 

where I-_ (~6 m) is the length of the purge flow channel and 0 {~1 m/s) Is Che 
velocity of the purge gas. 

Comparable percolation and convection calculations for the L±20 plate 
design give snail-time constants relative to tritium diffusion in the solid 
and relative to the thermal time constant for the system. Therefore, the time 
to reach a steady-state solubility inventory appears to depend primarily on 
the diffusion and surface desorption time constants. 
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Surface Adsorption 

The problem of performing transient surface adsorptlon/desorption calcu
lations is similar to that of performing solubility calculations. The rela
tively low surface concentrations and high pore/solid surface areas complicate 
the issue. It Is assumed in this discussion that tritium and oxygen arrive at 
the pore/solid surface in elemental form. In order to desorb from the surface 
a molecular species of tritium (e.g., T 2, HT, T 20, or RTO) must first form. 
An estimate is made here of the time it would take to cover these surfaces 
with enough tritium arad oxygen to make the formation of ToO probable. 

The specific surface area of commercially available Li 20 powder Is "-0.2 
m z/g. Through fabrication into pellets or plates the resulting pore/solid 
surface area will be less. Assuming that it Is -0.02 m2/g, then the time it 
takes to generate enough tritium and oxygen to saturate the surface can be 
calculated. Assuming a molecular diameter of ~1 A and two-thirds of the 
surface area covered by tritium gives a tlae of 30 h to achieve this coverage 
at a generation rate of 1.85 * 1 0 - 1 1 g(T)/g(Li20)s. This number is clearly an 
upperbound in that T 20 will begin forming long before complete area coverage 
is achieved. There Is also some question as to how long it would take the 
oxygen to diffuse to the surface under these conditions. 

The above calculations are high idealized and approximate. More modeling 
and experimental work is clearly needed in this />rea. However, the Issue can 
be skirted in the present designs because of the addition of hydrogen to the 
purge gas. The 100-wppm hydrogen flowing through the system at -1 m/a is 
sufficient to enable the tritium to desorb from the surfaces in the form of 
HT. The time It takes the hydrogen to diffuse through the helium in the 
porosity and the HT to diffuse out to the purge stream is on the order of 1 B. 

Other Effects 

Time-dependent phenomena not included in the previous discussions relate 
to burnup and fast fluence effects. Irradiation damage to the ceramic (par
ticularly at low temperatures) could cause a slow degradation of the diffusion 
coefficient with time. Thermal and irradiation-induced sintering and grain 
growth (particularly for L120) will affect the percolation and diffusion 
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calculations, finally, the helium-induced swelling In U^O could directly 
affect the tritium Inventory try acting as a trap for tritium or Indirectly 
affect tritium recovery by sealing off the purge flow channels. Each of these 
phenomena has a characteristic tine which is longer than those previously cal
culated for Li 20. 
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5.2.4 Structural Mechanics 

Structural performance poses deaandlng requirements on the blanket design 
since failure Is likely to have major consequences on operation and safety. 
The design process generally begins with consideration of basic elastic 
behavior under thermal and pressure loads, including couplex geometries as 
necessary. Difficulties in analysis appear when other factors must be added. 

Table 5.2.4-1 lists many Important Issues with respect to structure1 

behavior. Welds and discontinuities are weak points because material property 
changes and stress concentrations due to the basic thermal and pressure 
stresses may exist. High temperatures and high stresses activate plastic 
behavior and creep, and require time-dependent calculations to track the 
evolution of the basic stresses. Although creep tends to relax thermal 
stresses, it can cause large displacements. Creep buckling and racchectlng 
are possible. Neutron Irradiation can provide time-dependent properties 
(e.g., embrittleraent), enhanced creep, and additional strains from swelling. 
Fatigue and crack growth limit the component lifetime under cycling conditions 
from startup, shutdown and pulsed operation. Corrosion and erosion enhance 
these factors (initiates cracks, weakens welds, remove material). 

A complete blanket design must consider all these factors. Those that 
are not subject to analysis must b^ accounted for with design conservatism and 
testing. In this section, important structural phenomena are identified and 
basic models developed for later analysis of test requirements. The primary 
emphasis is on elastic behavior with thermal and pressure stresses since this 
sets the basic stress field that is then adjusted by these other factors. 

5.2.4.1 First Hall Structural Behavior 

The first wall must support dynamic and static mechanical loads, and at 
the same time sustain the thermal gradients and erosion resulting from the 
plasma heat and particle fluxes. Dynamic and static loBds require nigh 
flexural rigidity. Since the first wall temperature rise Is proportional to 
Its thickness, thermal stresses require a thin first wall. Reasonable life
time against erosion and corrosion rtquireB a thick wall. Thus, a feasible 
design must satisfy many conflicting needs. 

The first wall structures of the reference solid breeder blankets (Fig. 
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Table 5.2.4-1 Important Issues for Structural Behavior 

First Wall 
Thermal and pressure stresses along coolant channel 
Swelling and irradiation creep, Including differential effects 
Effects of residual stresses at shutdown 
Pulsing effects 
Crack growth, Including grooved first walls 
Stress concentrations at joints and discontinuities 
Vela and joint behavior 
Interaction of first wall structure with module back supports 
Interaction of firs; wall structure with module end supports 
Fluence effects on structural properties 
Module-module interactions 
Plastic behavior, including ratchettlng, deformation and buckling 
Effects of transient magnetic forces 
Effects of steady magnetic forces in ferritic steels 
Stress variation due to wall erosion and plasma-related property changes 
Effects of hydrogen embrittlement 

Breeder Region 
Breeder thermal stresses 
Breeder/clad thermal stresses and interaction 
Clad and breeder creep and swelling, accommodation and interaction 
Effect of property changes with fluence and time-at-temperature 
Formation and effects of cracks on breeder behavior 
Stress concentrations 
Reliability of coolant tubes and effects of leaks 
Environmentally-assisted cracking 
Breeder relocation and lock-up 
Ballooning or plastic deformation of clad 
Mechanical fatigue and wear from flow-Induced vibrations 
Effects of end-plates and supports on stresses In breeder region 
Pulsing effects 
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5.2.4-1) have an array of rectangular channels in a lobed or semi-cylindrical 
first wall. Coolant flow is azl«uthally around the lobe perimeter. The first 
wall Btructure can be viewed as an assembly of carved I-beams. Assuming 
syanetry and ignoring axial end effects, the structural behavior can be 
analyzed based on .-. single curved I-beam. 

Modelling 

To address some at these issues and gain Insight into scaling, a dis
placement-type finite element model based on Euler-Berooulli beam theory was 
developed. The first wall Btructure is modeled as an assembly of curved I-
beams, where each beam is dlscretized into linear 2-0 frame elements. Forces 
and displacements along the elements are defined, and related to the total 
potential energy. By minimizing this total energy, a relationship between the 
forces and the displacements may be obtained of the form 

K u = 1 (5.2.4-1) 

where K is the stiffness matrix, JJ_ is the displacement vector, and _F_ is the 
applied force vector. Given the forces, this can be solved for the displace
ments. The primary assumptions are: 
- homogenous isotropic, linearly elastic material; 

linear thermal expansion; 
- material properties do not change in space or time; 
- cross-sectional dimensions aTe small compared to the radius of curvature. 

The model produces axial stresses due to bending and extension effects. 
Stress components acting within the plane of the cross-section are not deter
mined due to the one-dimensional nature of the theory applied. 

Stiffness Relation for a 2-D Frame Element Consider a 2-D frame element as 
given in Fi£. 5,2.4-2. Ita behavior for small displacements is a superposi
tion of that of a bar and a beam. Let u(x), v(x) and @(x) denote axial and 
transversal displacements and rotation along the element, tn a displacement-
type finite element description, each element is connected to adjacent ele
ments through a set of displacements at each connecting node. The displace
ment field between the ends of an element are estimated by some interpolation 
scheme. This Interpolated displacement field must: 
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Figure 5.2.4-1 Lobe first wall showing representative I-beam section. 
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Figure 5.2.4-2 Local coordinate system and forces for analyzing the 
mechanical behavior of a 2-D frane element. 
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- describe the rigid body motions of a particular element; 
- have sufficient freedom to allow kinematic continuity between elements; 
- produce a displacement pattern corresponding to the constant strain 

state of the elements. 
The last requirement Is necessary in order to be able to converge to the true 
strain state upon refining the partition of a body in a general strain state. 

Consider a linear interpolation for u(x) and a cubic interpolation for 
vCx). The rigid body motion of a bar is a translation which is clearly 
included in a linear displacement field. Since the no-'al degrees of freedom 
are u-, and u, in the axial direction, laterelement continuity is granted. For 
a bar, the extenslonal strain is equal to the first derivative of the axial 
displacement field. Consequently, a linear interpolation function permits a 
constant strain state. The rigid body motions of a beam are uniform transver
sal translation and a rotation, both of which are Included In a cubic interpo
lation field. Four nodal degrees of freedom, v, and v^ in the transverse 
direction and B. and 3„tn the rotational direction, are necessary because 
classical beam theory requires displacement and slope to be continuous between 
the elements. This makes it necessary to choose at least a cubic interpola
tion function. The constant strain mode for thin beams is a constant curva
ture which requires at least a quadratic displacement field. Thus, the 
displacements and rotations are given in terms of the nodal values by: 

u(x) = [1-5 ?] 
& 

(5.2.4-2a) 

v(x> = [ l-3? 2 +2? 3 L(C-252+C3) 3 ? 2 - 2 5

3 U - ? 2 * ? 3 ) ] (5.2.4-2b) 

where £ = x/L and L is the length of the element. 

The axial strain is expressed in terms of the displacement field from 
Euler-Bernoulli beam theory* ' as: 

3u 
• S T " * 

in. 
3xZ 

(5.2 .4-3) 
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The axial stress Is given by linear stress-strain relations: 

°xx " E C e x x " a A T ) (5.2.4-4) 

and tb-5 strain energy Is: 

1 F 2 Q„„ .„ - 7 (e - «AT) o - T ( e „ - aAT) strain l xx xx 2 xx (5.2.4-5) 

The total potential energy of the element Q w t a l - Q 8 t r a l n + Q e x t e r n a l also 
includes the potential energy of the external forces: 

external 

L 
/ 
0 

F x l U l " F x 2 U 2 " I P < X ) v M d x " F y l v l " F y 2 V 2 

- M ^ - M 2P 2- f q(x) u(x) dx 

(2) Applying the theorem of minimum potential energy* ', 6Q 
complete stiffness relation for a single element: 

total 

(5.2.4-6) 

0, leads to the 

" F *l" ui qL/2 - Fth 
Fyi vi pL/2 0 
Mi - £ Bi - pL2/12 - Mth 
FxZ u 2 -qL/2 " Fth 

V v2 pL/2 0 
M 2 h -pL2/12 -«th 

(5.2.4-7) 

where 
A 0 0 -A 0 0 

12/L2 6I/L 0 -12I/L2 6I/L 
41 0 -6I/L 21 

A 0 0 
symmetric 12I/L2 -6I/L 

41 

F - f a AT(y,z) dA th M - / y a AT(y,z) dA ™ A 
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where A denotes the area of the cross section and I Is the moment of 
Inertia. The temperature field T(x,y,z) has been replaced by 

1 L 

T(y.z) - -T- / T(x,y,z}dx (5.2.4-8) 

which does not affect convergence if one uses fine enough elements to capture 
the change of the thermal field In the x direction. It can be observed that 
thermal effects appear as a consistent load vector. It can also be shown that 
the stiffness matrix, K, exhibits all the necessary rigid body motions and 
constant strain modes as can be anticipated from the order of interpolations 
used to describe the displacement field. 

For practical applications It Is convenient to express all the nodal 
displacements and forces In terra of global coordinates. This Involves 
changing the displacements, forces and stiffness matrix for each element over 
to the global coordlate system through standard transformation matrices. 

Solution procedure The solution begins with defining a discretization of the 
given structure. Then assume the elements to be Interconnected at nodal 
points and establish a system stiffness relation. It will take a form similar 
to that of an element stiffness relation, K _u - £ , where K Is a banded 
matrix. The bandwidth is determined by the numbering of the nodes. 

Boundary conditions are Included as modifications to the global stiffness 
relation. For example: 
(a) Built-in or fixed conditions: u •= 0, v » 0, 0 - 0 ; 
(b) Symmetry conditions: v ~ 0, fj = 0; 
(c) Simple support or pinned conditions: u " 0, v = 0. 

The l t n degree of freedom is deleted by zeroing out the i row and 1 column 
of K and setting K,,* = I. This guarantees that, upon solving the equation, 
the 1 displacement component will be zero. 

Finally, Che global stiffness relation may be solved based on the applied 
forces and boundary conditions to yield the nodal displacements. These 
displacements nay be used through the element stiffness relations to solve for 
nodal forces, and these nodal forces In turn used to recover the stresses 

(I) within the elements. v / 
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Analysis 

This modeling process was applied to the first wall analysis. Taking 
advantage of symmetry, onu half of the lobed first wall structure was consi
dered. The corresponding boundary conditions are shown In Fig. 5.2.4-3a. To 
diBcretize the structure, it was divided into five elements. Calculations to 
check accuracy using ten elements were also performed. The results were so 
close that five elements were used afterwards. Integrals appearing in the 
expressions for the thermal forces and moments were calculated by Simpson's 
rule using 12 partitions of the cross-sections. 

Figure 5.2.4-3a shows the pure pressure stresses for the I^O/lia/RTH) 
reference tokamak design. It can be observed that the stress distribution is 
fairly uniform and the second wall is in a slight compression as a result of 
the built-in end. In Fig. 5.2.4-3b, the pure thermal stresses can be seen for 
the same design. At 9 - 90° , one can see a stress distribution similar to 
that of a straight beam with built-in ends. This is plausible since the 
geometry locally is similar. At 8 - 0° , the small thermal gradient across 
the wall and the built-in conditions produce local bending which result In a 
different stress distribution. Fig. 5.2.4-4a is a plot of the thermal and 
pressure stresses acting simultaneously, which corresponds to the superposi
tion of the previous two figures. Note that the stress distribution is not 
axisymmetric, the curved structure, axial tl.ennal variations and end con
straints produce a complex stress pattern. 

The combined beginning-of-life stressas lead to a peak tensile stress of 
about 300 MPa. Although within the estimated 3 S m t ' 4 ' limits for primary plus 
secondary stresses in HT-9 at 550°C, the first wall temperature Is over 650°C 
in some regions of high stress, and the stress locally exceeds the 3S B t 

guidelines. Disruption loads will further aggravate this problem. The 
addition of grooves to the first wall will shift the peak stress location 
inward to colder and stronger material, but raises questions regarding stress 
concentrations and crack initiation. In this analysis, only the ungrooved 
first wall is considered. 

Figure 5.2.4-4b shows a simulated end-of-life condition with thinner 
first wall as Binning, for lack of data, uniform erosion. The oujor difference 
is an Increase of the pressure stresses in the first wall coupled with the 
decrease of the thermal stresses, which resulted in a net' elevation of the 
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Figure 5.2.4-3 Pressure and thermal stress profiles ir Li20/He/HT-9 tokamak 
first wall: (a) pressure stresses; and (b) thermal stresses. 
The stress profiles are given at the four points indicated on 
Figure 5.2.4-1, where FW is first wall plasma surface, FC is 
first wall coolant surface, FS is midway through the fin 
support, and BW is the back wall breeder side surface. 
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Figure 5.2.4-4 Pressure plus thermal stress profiles in Li20/He/HT-9 tokamak 
first wall: (a) beginning-of-life; and (b) at end-of-life 
thickness assuming uniform erosion. 
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first wall stresses* 

These particular results were obtained with built-in or fixed boundary 
conditions at the inlet {6-0°) based on contact with adjacent blanket modules 
at that point, and with no axial displacement or rotation at the module tit-
(8"90°) based on the nodule symmetry. Other boundary conditions were also 
analyzed to model different mechanical arrangements. For example, the LljO/-
He/HT-9 module has an opening In the back wall at the module tip in order for 
the first wa] 1 coolant to enter the breeder region. This reduced structural 
configuration was modelled by using a hinged boundary condition at the tip, 
and the calculated stress distribution is shown in Pig. 5.2.4-5a. Alternately, 
the blanket might be designed such that the modules just touch at power, 
allowing space for thermal expansion. This was modelled by allowing full 
motion in the transverse direction at 8"0° as shown in Fig. 5.2.4-5b. 

There are tvo factors contributing to a particular stress pattern. 
Constrained ends tend to decrease the pressure stresses due to their load 
carrying capacity. On the other hand, they increase the thermal stresses 
since thermal expansion is limited. For the hinged top case, one can see a 
drop in the stress level due to the released end constraint. For the freed 
edge, however, the stress level is higher than the hinged top case due to the 
increased pressure stresses. 

Both these cases have substantially lower pressure and thermal stresses 
than the reference calculation, raising the question as to whether they are 
raore appropriate boundary conditions or indicate design changes that would 
improve the mechanical behavior. 

In fact, the built-in end conditions at the joints with the side walls 
are valid since there is no rotation or translation in the radial direction 
due to symmetry. Furthermore, while the modules may be designed to just come 
into contact at power in order to limit the force they exert on each other, 
this point cannot be considered completely free to expand because of the 
Influence of the side walls and axial module supports which firmly anchor the 
first wall tc the cold support structure of the blanket. 

Secondly, the application of symmetry conditions in a continuous curved 
beam at the module tip .nay not be entirely realistic, depending upon the 
presence of the channel. However, simply removing the thin 0.3 mm back wall 
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Figure 5.2.4-S Pressure plus thermal stress profiles in H20/He/HT-9 tokanak 
first wall: (a) hlnged-flxed boundary conditions; and (b) 
Bymmetry-syanietry boundary conditions. 
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as needed to let the coolant flow through will not have much effect on the 
stresses as compared to the 3.5 mm first wall. For tha effect to be as marked 
as shown In Fig. 5.2.4-5a, at least the supporting fins would also need to be 
removed. If such a design is used to alleviate the global stresses, it will 
result in stress concentrations at the tip Itself • A detailed analysis would 
be necessary to quantify these stress concentrations at the tip where the 
present model would not be applicable. 

Figure 5.2.4-6a is a stress plot for a possible mirror reactor first 
wall. It is substantially different from the previous pictures due to the 
different geometry (6 mm first wall plaBma side surface) and temperature 
distribution. Figure 5.2.4-6b shows the stresses for the reference LiA102/-
H20/PCA/Be blanket. Basically It has the same features as the He-cooled 
blanket except for a slight asymmetry resulting from the thermal field. 

Limitations 

The primary limitation of this analysis is that it is strictly elastic. 
Elastic-plastic analysis Is necessary since the stresses exceed the elastic 
limit. At high temperatures, an elastic/perfectly plastic constitutive law 
could be assumed. Furthermore, time-dependent plastic behavior due to thermal 
and irradiation creep should be included. 

Swelling 1B also a significant phenomenon for an axially restrained 
structure, such as a curved member. The effect of misalignments and Imperfect 
geometry was not considered here, but play important roles In structures prone 
to buckling. Finally, a large range of potential failure nodes and contribu
tors such as fatigue, crack growth, thermal ratchetting and radiation damage 
were not analyzed. 

5.2.4.2 Breeder Region Structural Behavior 

Effects that can influence the solid breeder mechanical behavior Include 
thermal stresses, hydrostatic pressure loads from coolant and purge, radiation 
induced swelling and creep, and various masB redistribution phenomena such as 
sintering, grain growth or LiOT condensation (at least affecting local mate
rial properties). The consequences may be quite serious - breach of breeder 
containment, distortion of structure leading to coolant flow blockage, closing 
of purge gas channels, reduction of internal porosity, or changes in tempera-
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Figure 5.2.4-6 Pressure plus thermal stress profiles in: (a) Li20/He/aT-9 
mirror first wall; and (b) LiAlO2/H20/PCA/Be tokamak fixst 
wall. 
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ture that reduce tritium recovery. 
First consider solid breeder behavior under the key driving Influences of 

thermal expansion, swelling and creep, and neglecting any interaction uiih the 
clad or surrounding structure. The analysis will then be extended to a more 
detailed model, including themal stress and the clad interaction, and lead to 
specific modifications that define the two reference solid breeder blanketB. 

The basic model assumes: 
- slab geometry; 
- linear elastic material behavior; 
- plane stress behavior in the axial direction; 
- no stress in the slab thickness direction; 
- plate is constrained from bending; 
- no applied leads; 
- tine and position independent properties. 

For example, these apply to a thin, unconstrained slab of solid breeder with 
symmetric heating and radiation damage through fie slab thickness. 

The total strain e is the sum of contributions from thermal expansion, 
swelling, creep, and elastic strains, 

e ,. - a(T~T ,) + e + e + £ (5.2.4-9) 
tot ref sw cr E 

Averaging over the slab thickness, 

7 r n t - «(T - T ) + 1 + 1 (5.2.4-10) 
tot rer sw cr 

where c = 0 since there are no applied loads. Furthermoi ssuslng e is 
Independent of position, which is plausible for thin plates^ ', then 
£ - e_ _ and the local stress (directed parallel to the plate edges) is: 
tot tot r " 

o ~ E ta(T - T) + G - e ) + (7 - e )] (5.2.4-11) 
sw sw cr cr 

Assume simple but standard models for swelling and steady-state creep: 

^ - A ^ e - I " 1 * - (5.2.4-123) 
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de 
-XT*-- B (5.2.4-12b) 
dt sw 

where t Is time; and A c r , Q c r , B.„ and n are property constants. Data on 
swelling In some solid breeders^ ^ is shown In Fig. 5.2.4-7. In general, the 
swelling strain rate is expected to be proportional to the He production rate 
(or local flux), with the exact rate dependent on temperature due to the 
subsequent movement of helium in the solid. There is apparently no published 
data on the creep behavior of Li 20 or LiA10 2. Metals typically show creep 
also proportional to the flux, with n ~ 1 under irradiation and n ~ 3-4 f'jr 
thermal creep-

In the presence of radiation with n ~ 1 , the L e ~ 0 and Eq. (5.2.4-11) 
becomes: 

jg + EAc].a - E[? s w- B s w(T)]; o(0) - Ea(T - T) (5.2.4-13) 

leading to: 
-EA t I -B -EA t 

aU) = Ea(T-T) e c r + f s w [1-e c r ] (5.2.4-14) 
Acr 

and during the dwell time, with n ~ 3 and B ~ 0, then: 
0O c(t) = ^ 7 r r (5.2.4-15) 

T2EA t + l ] u , : > 

cr 
These can be used to obtain rough estimates of the contribution of the 

different effects to solid breeder behavior. Representative numbers are given 
In Table 5.2.4-2, where It can be seen that all effects are potentially 
significant, tt is worth noting that part of the solid breeder design problem 
is in handling the initial thermal expansion. 

To extend this analysis to 2-D, the finite element code SAP5* 8' was 
employed. Specifically, a 2-D plate element from the LioO/He/HT-9 reference 
blanket was analyzed for thermal stresses at startup. Figure ?.2.4-8a shows 
the breeder dimensions and temperature field assumed, while Pig. 5.2.4-8b and 
-8c shows the corresponding thermal stresses through the unconstrained bree
der. Except for end effects near the top, o . • Ea(T-T) correctly gives the 
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Table 5 . 2 . 4 - 2 Contributors to Sol id Breeder Mechanical Behavior 

L l 2 O a Y-L1A10 2

C U0~ 

Teoperaturee ; 
T <K) 
4T (K) 

T , f (K) mel t 

1100 1200 1300d 

400 600 1500 
1700 1900 3100 

Properties: 
^Theoretical density 
E (MPa) 
a (1/K) 
o, _ (MPa) fticture 
ftcr V'/MPa-yr> 
B g w (Z/MW-yr/ra2) 

85 60 92 
5.5 x 10 4 - 1.5 x 10 5 

3.3 x 10"5 1.2 x 10"5 1.1 x 10"5 

20 - 120 
- - 0.001 
0.7 < 0.1 

Equivalent strains: 
Thermal strain, e . ' th 
Swelling strain, e 
Creep strain, E r cr 
Tensile fracture strength, a./E 
Coolant hydrostatic pressure, p/E 

0.007 0.004 n.oo8 
0.03 < 0.005 -
- - 0.1 
0.0004 - 0.0008 
0.0001 - 0.00004 

a Ll^O data from Reference (4) for fusion reactor conditions. 
b L1A102 data from References (4,9,10). 
c U0, data, for comparison, from Reference (7) for LHR conditions. 
" Typical average fuel pin temperature is much higher ( - 1800 K). However, 

U0 2 Is very soft over 1700 K so values given here apply to the cold 
outer region. 

e One year at 5 KW/o2 for breeder, at 10 1 9 flsslons/T»3-8 for U0 2; 
100 MPa stress for creep strain estimate; 5 MPa coolant pressure. 
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Figure 5.2.4-8 Temperature and thermal stress profiles in L1 20 slab under reactor 
heat load conditions (a - 3.3 x 10"5/K, \> = 0.25, E - 5.5 x 10* 
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thermal stresses. The peak stresses are about 200 MPa tensile. Comparing 
this with the fracture strength of 20 MPa^4' at 800 *C, it is expected that 
this ceramic would crack on startup. 

The significance of the breeder/clad Interaction Is Illustrated when a 
truss element is placed along the top of the breeder, simulating cladding 
around the breeder. Using nominal clad properties for the reference blanket 
(0.25 mm thick HT-9) and assuming the same average temperature as the breeder, 
the difference in thermal expansion coefficients leads to very large elastic 
tensile stresses on the clad - Over 1000 MPa, If the end clad is a semi-
cylindrical cap, then the differential force should be reduced by about the 
ratio of clad Btiffnesses (curved to straight, assuming the breeder is much 
stiffer than either), but the maximum stress is not reduced as ntuch due to 
bending stresses In the cylindrical cap, 

r curved, „curvedri , ,, , , . 
clad max _ clad br cladJ _ _ clad _ 0 0 3 

, straight. ™ straight . * 
1"clad 'mas clad * dbr 

Although these calculations were for a l^O slab, they are more generally 
applicable to other eolid bleeders which are similarly expected to have 
appreciable thermal expansion and be fairly brittle. Significant differences 
in swelling rates have been measured and so, for example, swelling is not 
believed to be a contributor to LIAIO2 behavior. Differences in creep rates 
may also exist, but there is presently no bard data, although some preliminary 
data' ' suggests that LioO is very soft and creeps readily at expected breeder 
temperatures. 

From these Z-D calculations, it is clear that two practical modification* 
are needed to a basic slab of solid breeder, First, cracking due to thermal 
stresses at startup is likely unless the breeder is "pre-cracked* to Unit the 
maximum stresses or made thin to limit the AT (although this leads to more 
structure and so reduces breeding). Pre-cracking is the design choice in the 
reference Li^O/He/HT-o blanket, where 1 x 1 x 3 cm blocks of Li 20 are used. 
This has the advantage of placing the "cracks" perpendicular to the surface so 
they do not interfere with heat conduction to the coolant, and of providing 
direct pathways for tritium transport from the interior to the purge 
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channels. However, It may complicate assembly and add stress concentrations 
at the breeder/clad boundary. The equivalent design choice in the reference 
LlAlOn/HnO/PCA/Be design Is to use a sphere-pac breeder, with 1.2 am and 
smaller pellets. This also resolves the thermal atress cracking problem, but 
complicates fabrication and introduces a new fuel form which Is not as well 
understood as solid ceramic nuclear elements. 

The second design modification to the basic "solid" breeder is to design 
the structure and breeder so as to handle differential stresses - IZ thermal 
strains at Btartup, and potentially 4% strains due to swelling under irradia
tion. In the LloO design, the cladding top and bottom are designed to be 
flexible and expand with the breeder. However, this more complicated bellows-
like design requires high ductility In a high fluence environment, and may be 
subject to buckling or rupture If there Is a large coolant/purge stream 
pressure difference. The LIAlO* structure with double-walled water piping is 
much more rigid. The thermal expansion (swelling is not anticipated) would be 
accommodated through rearrangement of the sphere-pack into porosity or free 
space. Concerns here are that the spheres may not be as free to move as 
desired due to sintering, lockup or other effects. 

5.2.4.3 Magnetic Forces 

The dominant magnetic field effect in solid breeder blankets is believed 
to be mechanical loads due to transient magnetic fields, typically caused by 
plasma disruptions. These forces have been estimated to be equivalent to a 
pressure force of < 1 MPa for tokamaks and mirrors. ' ' 

There is t^so some contribution to the steady-state stress fields due to 
the Interaction of the magnetic field with ferrltic steel structural materials 
such as HT-9. Various estimates have placed this contribution as being on the 
same order as the weight of the blanket, and have concluded that it can be 
handled through proper design of the supporting structure. 
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5.3 Requirements for Scaled Testing 

5.3.1 Neutrouics 

5.3.1.1 Introduction 

The basic neutronic environment of the reference solid breeder blankets 
under reactor conditions was characterized in Section 5.2.1. A fusion faci
lity for the engineering testing of fusion blankets is likely to be smaller in 
both dimensions and power as compared to a commercial fusion power reactor. 
For the same geometry, changes In neutron power affect neutronlcs parameters 
proportionally. The effects of configur~tlon on neutronics, however, are more 
complex. For example, it may be possible to enhance the effective neutron 
tall load by adding neutron multiplier or fissile material to the breeder. 

A summary of neutronics issues which may affect or be affected by the 
scaled test is given in Table 5.3.1-1. It is important to consider these 
effects since neutrons are the basic driver for the blanket behavior, Includ
ing heat deposition, tritium generation and radiation damage. The issues can 
be divided into two categories: issues related to the test device and to the 
test module. Device-oriented issues Include the effect of device size, plasma 
distribution, and test port geometry. Module-oriented issues include the 
effects of the module size, which is important because it affects the required 
test volume. In this section, the specific effects considered are: 

- device size (plasma/first wall radius); 
- test module size, Including thickness and width; 
- test port reflector conditions; 
- test moduls? composition. 

The analysis concentrates on profiles of nuclear heating rate, tritium 
production rate and radiation damage parameters (displacement per atom or dpa, 
helium and hydrogen production rates) which are Important to many aspects of 
blanket behavior. Neutronics testing to verify tritium breeding ratio ia 
discussed separately (Chapter 7) since the required accuracy "s very hi&u = d 
demands an accurate simulation of the commercial reactor neutronic environ
ment . 
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Table 5.3.1-1 Neutronics Issues for Engineering Scaling 

Category Technical Issues 

1. Test Device a. device size (plasma/first wall radius) effect 
b. plasma distribution (neutron source) effects 

2. Test Port a. effects of teat environment, especially reflector 
and plug 

b. effects due to change in neutron spectrum. 

3. Test Module a. test module size: 
I. thickness effect and required minimum thickness 
II. width and height effect and required miniaun 

dimensions 
III. parameter profiles around curved first wall 

b. effects due 'JO changes in design of test module 
c. effects arising from geometrical complexity; 

e.g., streaming through coolant channels 
and local hot spots 

d. burnup of breeding material and required test time 
e. effectiveness of neutron multiplier, fissile 

material and enrichment 
f. activation of module components: 

i. afterheat 
t l . biological dose and handling of test module 
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5.3.1.2. Method of Analysis 

The same Li20/He/FS blanket nodule as was used In the reference calcula
tion is considered here. For calculations! purposes, the test facility is 
assumed to be a mirror with a 15 cm plasma radius, 25 en first wall radius, 
and a Z MW/m2 first wall neutron load. Figure 5.3.1-1 shows a conceptual 
drawing of the assumed blanket nodule test. The module is irradiated in a 
test ports, where the module would be inserted into the space between the 
module reflectors. The remaining space may he filled with a plug if neces
sary. The reflector material is assumed to be stainless steel. 

Calculations were carried out under three different models: 1-D cylindri
cal model which represented a full coverage blanket and enabled analysis of 
both the device diuension and the module thlcknesB effects; a 2-D r-9 geometry 
model and a 3-D model, both of which expressed the geometrical heterogeneity 
of the test conditions and were used to analyze geoaetry (reflector) 
effects. The 1-D calculation was done with the ANISN code/1-* as in the 
reference blanket calculations. The 2-D r-9 calculation was performed with 
DOT 4.3/2-* with 23 group constants (n 13 and y 10), based on the VITAMIN-
C/MACLIB-IV library/ 3 5 with the P 3S 4 (16 directions) approximation. The 3-D 
calculation was carried out with the pointwise Monte Carlo code MCNPv based 
on its RMCCS/MCPLIB nuclear data library. 

The analysis for the effect or module design (material composition) 
changes was based on the direct sensitivity analysis method with the ANISN 
code using the material configuration in Fig. 5.3.1-2. This was taken from 
the BCSS reference design^5' for the Li20/He/FS concept. The volume fraction 
of the HT-9 structure and the plasma radius are slightly different from that 
assumed in the other analyses. The blanket region was divided into two 
zones, Blanket 1 and Blanket 2, and different material compositions were 
assigned to each par1:. The Li 20 density was 80% theoretical density, a little 
less than the reference blanket (Appendix D). The sensitivity analysis was 
done by varying one of the design parameters such as structure volume fraction 
and the direct forward calculation results compared with those of the refer
ence case. 
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Shielding 

Fig. 5.3.1-1 Conceptual drawing of a blanket module test. 
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Figure 5.3.1-2 Reference blanket for the material composition sens i t iv i ty analysis 



5.3.1.3. First Wall Neutronlcs Parameters 

The impact of the test device and the test nodule on the peak neutronics 
parameters in the first wall, their profile or attenuation within the first 
vail, and their variation around the first vail perimeter are discussed. 

Device Size Effect on Neuttonic Parameters 

It is clear that for fixed plasma power density, the neutron wall load 
and associated neutronics parameters (bulk heating, dpa, etc.) decrease with 
the plasma radius due to the drop In neutron flux. It is not as clear that 
the neutronics parameters should decrease with the device size for fixed 
neutron wall load. However, this is illustrated in Pig. 5.3,1-3 for the 
heating rate In different devices (described in Table 5.3.1-2). If the 
heating rates are normalized to the same peak value (Fig. 5.3.1-4), there is 
seen to be little difference in the actual profile. Similarly, Figs, 5.3.1-5 
and -6 for the atomic displacement and He production rates show the dependence 
of the absolute value, but not the profiles, on the device size. This effect 
may be explained as follows. 

Table 5.3.1-2 Device Dimensions 

Plasma Radius First Wall Radius 
Tokaraak reactor 253 cm 273 cm 
Mirror reactor 50 cm 60 cm 
Mirror test device 15 cm 25 cm 

The neutron wall wall load is proportional to the uncollided neutron 
current, j o n c o l

t while the neutronics paraaeters are related to the neutron 
flux, which can be written as 

+tot , ^«ncol+ ^scat (5.3.1-1) 

where <f> is the scattered neutron flux component. Using the albedo concept 
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Fig. 5.3.1-3 Device size effect on the nuclear 
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which states that some fraction of the incident flux at a boundary is reflect
ed, the total reflected neutron current coming out from the first wall after 
multiple reflection, Is 

J r e f l - (a + a 2 + ...)J u n c o X - — a — J u n c o 1 (5.3.1-2) 
i—a 

where a Is the albedo value and a « 1 assumed. The angular distribution of 
the reflected neutrons tends to have a cosine distribution, so the neutron 
flu* corresponding to the current 3Z will be 

*«fl _ 2a_ J"*"* (5.3.1-3) 

As the wall is closed, all the reflected neutrons from the first wall to the 
vacuum chamber will strike the wall again, so the total scattered neutron 
flux, should be 

• , M t - 2 * r e f l = Y r i j C n C 0 1 (5.3.14) 

Neutronic parameters such as dpa (displacements per atom) are obtained by 
multiplying the flux by the cross-sections as 

. .. i .unccl . 
D P A - E . * t 0 t = I. J^°l(i _ + i«_) (5.3.1-5) 

dpa dpa l-uncol 1-e' 

Normalizing by the wall load, then t . J is the Bsuie value for every 
device so the size scaling factor C for each parameter is 

.uncol , 
C --* r + 7 2 - - (5.3.1-6) 
s .uncol 1-a 

The He production is caused only by high energy neutrons, for which the 
albedo ie generally small and the second term negligible, $o 

„ .uncol 
c " ^ 4 (5.3.1-7) 
s uncol 

Figure 5.3.1-7 shows albedo data for cylindrical walls. ' Using this 
data and a calculated value from the tokamak blanket analysis of a ~ 0.52, the 
size scaling factor, C , was estimated. The results are compared in Fig. 
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5.3.1-8 with the peak neutronlcs parameters obtained from Figs, 5.3,1-3, -5 
and -6, All results are normalized to unity at the reference tokamak condi
tion, and plotted as a function of the rati, of plasma to first wall radius, 
r_/rf. Equation (5.3.1-6) gives a good estimation of the heating and dpa 
variation with size, and Eq.(5.3.1-7) describes the He production rate. 

This scaling factor C B depends on both the plasma and the first wall 
radii, When the first wall radius is fixed at 273 cm (tokamak reactor), and 
the plasma size decreased, C g varies as the solid line in Fig. 5,3,1-8. The 
decrease of C_ from the tokaaak reactor to a line Bource condition (r =0 cm) 

B P 
is only 6%. On the other hand, when the first wall radius is varied while 
r /rf=0.933 (tokamak reactor) Is fixed, then the variation in the C g value Is 
shown in Fig. 5.3.1-9. The neutroniea parameters decreases sharply when the 
device radius Is decreased below 20 cm. 

The conclusion Is that the radius of the test device should be larger 
than 20 era. Otherwise, the neutronics parameters - other than He production 
which depends only on r /r* - will be much smaller than are expected at the 
sarae wall load In a large device. This geometrical effect is due to the lower 
amount of backscattering or reflection back into the plasma in the more curved 
geometry. However, the device size is not expected to make an appreciable 
difference In the actual first wall profiles of these parameters. 

Neutron Attenuation in the First Wall 
The actual first wall profiles as illustrated in Fig. 5.3.1-3 reflect the 

neutron attenuation, and may be described by 

g(x) <= g(0>e" Y e x (5.3.1-6) 

where x is the depth in the wall, e Is the volume fraction of the first wall 
structure, Y * S the attenuation coefficient, and g(0) ie the value at the 

front of the wall. The calculated y values for the mirror reactor, which ia 
representative of all the devices, are summarized in Table 5.3.1-3. 

Corresponding values for the LiA102/H20/Be/FS blanket are also listed. 
These were obtained from the calculations described in Section 5.2.1, As the 
first wall material is the same, the attenuation rates are similar. However, 
note that there is some dependence on the first wall neutron spectrum. 
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Table 5.3.1-3 Attenuation Coefficient of Neuronics Parameters 
In the First Wall* 

B l a n k e t N u c l e a r Heating DM He production rate 
(1/cm) (1/cm) (l/cm> 

"TT20/He/HT-9 0H33 O T I OoT 
LiA102/H20/HT-9/Be 0.1A3 0.192 0,263 

*g(x) - g(o)e~ Y £ X
 w h e r e K l B d e p t h l n f l r s t w a l J ) e l s 8 t r u c t u r a l 

volume fraction, y is attenuation coefficient, and g refers to 
heating, DPA or He production. 

Sinre there are circumstances under which the first wall dimensions nay 
be increased in a scaled test (for example, to preserve the temperature drop 
under reduced surface heating), the flux attenuation may become significant. 
In particular, Figure 5.3.1-10 shows the attenuation of the heating rate 
through the first wall as a function of the wall thickness scaling factor (the 
ratio of the first wall thickness of the test nodule to that of the reference 
module). As given ln Table 5*3.1-3, the heating rate behaves exponentially 
with a scale length of about 7 cm. The DPA rate and He production rate in HT-
9 have attenuation scale lengths of about 5 and 4 cm, respectively, so will 
decrease even faster than the heating rate. 

Azlmuthal Profile of Nentronlc Parameters ln First Hall 

The first wall of the reference solid breeder blanket modules has a 
cylindrical or lobe shape with & 15 cm radius. Little variation in neutronica 
parameters (e.g., nuclear heating) around the azlmuthal perimeter of the 
curved first vail is expected in tot- mate reactors since Che device size - the 
flrat wall radius - is ouch larger than the lobe radius. However, the profile 
may be changed when the module is placed in small test devices. Three-dimen
sional Monte Carlo calculations were performed for the analysis of this 
effect. Figure 5.3.1-11 shows the calculations! model for the assumed test 
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Fig. 5.3.1-11 Calculatlonal model of the module testing for the 
Monte Carlo calculations. 



geometry. A uniformly distributed plasma was assumed, with a radius of 1 cm, 
15 cm, and 24.95 cm to check the effect of tuurce size. 

Figure 5.3.1-12 shows the distribution of uncollided neutron flux as a 
function of position in the first wall, where the position was measured in the 
azimuthal direction by the angle 8 between the module center line OQ, Bhown in 
Fig* 5.3.1-11, and the radial direction QA (from the surface origin Q to the 
position A). As Is shewn in Fig, 5.3.1-12, the uncollided fluxes vary 
approximately as 1/r with Increasing angle, where r is the distance from the 
plasma center line to the position. And the device size effect causes a 
higher flux for the larger plasma. The He production rate, which was not 
calculated, will be similar to the uncollided neutron distributions in Fig. 
5.3.1-J2, considering the high threshold energy for He producing reactions. 

Figure 5.3.1-13 shows the total nuclear heating rate and its contribu
tions from neutrons and gamma rays. In both Fig. 5.3.1-12 and -13, the curve 
are scarcely dependent on the plr.sma size except for a small effect near the 
front (center region) of the wall. However, the azimuthal variation in 
heating and He production is significant. The 1/r approximation is better for 
the He production rate, but is clearly an oversimplification for nuclear 
heating, which scales faster. The dpa rate was not analyzed, but will behave 
similar to the neutron heating rate because dpa production is closely related 
to the neutron energy deposition. 

Assuming the 1/r approximatiei also holds for the mirror and tokasutfc 
reactors, the azimuthal heating rates are as in Fig. 5.3.1-14. The curves art-
normalized at 6=0 . It is seen that as the device dimensions decrease, the 
variation gets larger. This may lead to difficulties in preserving tempera
ture profiles and structural behaviour in scaled first wall tests. 

5.3.1,4 Breeder Region Meutronlcs Parameters 

The effect of device size and power level on the neutronlcs parameters in 
the breeder region are considered. Then the test module and reflector geome
try is analyzed to determine useful test volume and test port 
configurations. Finally, the effect of varying the material volume fraction 
Is considered. 
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Device Size Effect on Neutronlc Parameters 

Figure 5.3.1-15 shows the profiles of the nuclear heating and tritium 
production rates In the breeding zone for three devices, I.e., the reference 
tokamak and mirror reactors, and a small mirror test facility. The profiles 
are very similar, the difference is mainly in the absolute value. This is due 
to the same device size effect as was discussed In the first wall section. 
The values at the front edge of the breeder were obtained from Pig. 5.3.1-15 
and plotted in Fig. 5.3.1-16 in a similar manner as Fig. 5.3.1-8. The hori
zontal axis, however, was changed to r /(r„+ 6 cm) in order to be applicable 
at the front of the breeding zone. The solid line shows the 
ratio l j u n c c > 1 / j u n c o 1

 a s l n F t g , 5.3.1-8. The saute scaling equation, En. 
(5.3.1-6), may be used although "a" is now a general scaling variable and not 
the albedo, (The broken line in Fig. 5.3.1-16 was drawn by hand to smoothly 
connect the points.) 

The profiles for tritium production and nuclear heating from Fig. 5.3.1-
15 were renorrealized to the values of the test device at the front edge of the 
breeder, and are "hown in Fig. 5.3.1-17. The relative profiles are seen to 
scarcely depend on the device size, excluding the back region where ~ 20-30Z 

discrepancies are noticeable. These discrepancies are probably not important 
because the neutronlcs parameters are very small in the back as compared to 
other region. Thus, the relative depth profiles of the heating and tritium 
production rates in the breeder are not affected by the device size effect. 

Effect of Lithium Burnup Rate on Teat Time Requirements 

Lithium burnup is of concern since it will lead to a change ln tritium 
generation over time, to a shift ln peak generation location further into the 
breeder, and since there are potential chemistry changes associated with both 
the burnup rate (e.g., excess oxygen concentration in Li 20) and the total 
burnup (e.g., cumulative concentration of metal oxides In LiAlf),). 

Table 5.3.1-4 shows typical burnup rates of bl nuclei ln the LijO and 
I,1AK>2 blankets at 2 Mw/tn2 neutron wall loading. The atomic density of 6L1 or 

hi at time t Is 

n(t) •> n 0e x (5.3.1-9) 
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Table 5.3.1-4 Lithium Eurnup Time at 2 KW/nr Neutron Wall Load 

Blanket Nuclide 
Front of Breeding Zone 

(yr) 
Center of Breeding Zone 

<yr) 

Li20/He/FS 
hi 

hi 

43 

443 

62 

3300 

LiA102/H20/FS/Be 
hi 

hi 

4 

714 

294 

6250 

where n Q is the initial atonic density (l/nr) at startup, t is the tine froa 
staitup in years, and 1/T is the burnup rate (1/year). 

Preserving the burnup rate requires maintaining the neutron flux at 
reactor values. Preserving total burnup requires operating the device for 
extended periods if the neutron flux is reduced. The largest 1>urnup concern 
is with the LiA10 2 front blanket, where 50* burnup is achieved within a year 
under reactor conditions. At 2 MW/nr, 2.5 years of continuous operation would 
be needed for an equivalent burnup. Consequently, unless scaled tests under 
reduced wall load are allowed to run for years, there will be little variation 
in tritium breeding or miclear heating due to lithium bumup, and probably 
also limited information gained on other burnup-related effects. 

Effect of Breeder Thickness on Neutionics Parameters 

A small teat module with a thin breeding zone may he necessary due to 
test volume constraints. However, while this may not strongly affect the 
first wall, parameters HV.e breeder beating rate are sensitive to variations 
of the breeding zone thickness. Direct neutron transport calculations were 
repeated for various sized test tnodules to quantify this concern. 
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Figure 5.3.1-18 shows the calculational models used In the analysis. Two 
types of test modules were assumed. One of them (Type A, or reflected module) 
had the same first wall, plenum and shield as In the full sized module, while 
the other (Type B, or unreflected module) had -neither plenum nor shield, and a 
free surface boundary conditions was Imposed at the outer surface. 

Figure 5.3.1-19 shows results of reflected module (Type A) 
calculations. The profile of nuclear heating rate is locally enhanced (within 
about 4 cm) by neutron reflection from the back plenum. Elsewhere, the 
heating rate profile is very close (about 10% deviation) to the results for 
the full size nodule. The tritium production rate profile is similar, al
though the reflector effect is more pronounced because low energy neutrons are 
more important for tritium production than for nuclear heating, and because 
reflected neutrons are more likely to have low energies. Excluding the region 
where the reflection effect Is pronounced, the profile is also very close 
(about 20% deviation) to that of the full size modulet 

Figure 5.3.1-20 shows the total tritium production, obtained by integra
ting the tritium production rate over the breeder volume, as a functloD of the 
breeder thickness. About BOX of the tritium production of the fjll breeder is 
obtained Kith a 20 cm thick breeder zone, which is about half the full breeder 
thickness. 

Figures 5.3.1-21 and -22 show the profile of the tritium production rate 
in the unreflected Type B module. The profile of the tritium production 
from 7L1 (T7) is not affected by the breeder thickness. However, the tritium 
production from Li (Tg) is lower because the thinner breeder with no reflec
tor allowed more neutrons to leak from the system. The magnitude of the 
leakage effect on the total tritium production (Tg+T7) is larger than that of 
the reflector effect in the geometry with shield (Type A). Moreover, the 
leakage effect lowers the total tritium production. Thus the unreflected thin 
breeder module has several disadvantages and no advantages relative to the 
thin test module with shield and reflector. 

For the LiAlOo/HoO/Be/HT-0 blanket, enriched lithium Is assumed so the 
blanket Is more sensitive to the low energy reflected neutrons. It Is expect
ed that there will be larger effects from thinning the breeder zones, and that 
it will he more Important to add a reflector to minimize leakage. 
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To summarize this particular analysis, thin breeder regions of at least 
20 cm will retain the neutronlcs profiles, generate at least 80Z of the full 
breeder tritium production rate, and allow an appreciable variation (factor of 
2-3) in flux and fluence across the breeder. It Is important to retain the 
shield or other reflector to •lnimize neutron leakage. L1A102 is probaUly 
more sensitive to thinned breeder than LijO. For first wall testing, as 
little as 10 cm would be sufficient to establish the heating rates with 
reflected neutrons and gammas. 

Effect of Test Module Environment 

If the module is placed in a teat port which can only accommodate a 
single test module, then the module will be surrounded by reflectors and plug 
rather than other blanket modules. This may disturb the neutronics parameter 
profiles In the test module and decrease the usefulness of the test port. 
This Is particularly important for a tritium breeding ratio test where close 
simulation and high accuracies are needed, as discussed in Chapter 7. On the 
other hand, neutron multiplication and enhanced reflection may give rise to a 
higher volumetric heating or tritium production, partially compensating for a 
decrease in test device neutron wall load. The question Is how strong is the 
effect and how far the neutron field perturbation extends Inside the module. 
The analysis of this problem will be shown here. 

Figure 5.3.1-23 shows 2-D models of the test environment. The geometries 
were defined in r-6 coordinates and the analysis performed with the DOT-4.3 
code. Two types of the reflector and plug were considered. Type A is the 
regular arrangement with a reflector and plug, while Type B has no reflector 
and is specially designed to enhance the breeder neutron flux. 

Figure 5.3.1-24 shows Jepth profiles of the nuclear heating and tritium 
production rates in the breeder zone for the Type A geometry. The data 
denoted as 1-D calculation In the figure are those for full coverage geome
try. Results of the two-dimensional calculation for the single module test 
condition were averaged over the 9 direction to get the data at each radius. 

The nuclear heating rate was less lnflu .need by the reflector as compared 
to the tritium production rate; the tritivJ production rate was enhanced by a 
factor of two at the top of the breed?;, while the heating rate was only 
Increased 202. The reason Is that tritlim production Is more sensitive to low 
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energy neutrons, which were produced in the reflector by (n,2n) reactions. 
Seutran multiplication is pronounced in the front region, where the neutron 
spectrum is harder, so the enhancement ocurred mainly In the front region. 
High energy neutrons leaked away from the module more quickly in the single 
module test geometry as compared to the full coverage geometry, so the values 
became a little lower at the back of the breeder. Overall, the reflector 
influence on heating rate la very small, while tritium production is affected 
quite deep into the breeder. 

Figure 5.3.1-25 shows the profile of the nuclear heating rate along 
the 9 direction at the front, middle and back of the breeder, where the module 
half-width is 11 cm, 20 cm and 26 cm, respectively. At the breeder front, the 
nuclear heating rate was Increased not only near the edge, where the value 
Increased sharply, but also in the center region by about 202 as compared to 
the full coverage case. At the back, the heating rate near the center 
is ~ 25% less than the full coverage, although the values were enhanced more 
strongly near the edge than they were at the front of the breeder. The 
influence of the reflector extended to about 7 cm at the back. 

Figure 5,3.1-26 shows similar results for the tritium JM.eduction rate. 
This was dominated by Li(n,a)T reactions, so the reflector influence was more 
pronounced than in the heating rate. In feet, the influence 1», noticeable up 
Co 10 cm from each side at any depth. 

Figure 5.3.1-27 shows depth profile of the nonreflector geometry Type 
B. The profile is also the result of averaging over the 6 direction. As the 
module side wall was exposed to fast neutrons, the profile became much more 
uniform than in the regular reflector geometry. The nonreflector geometry 
enhanced the parameter at deep positions drastically, so it will be useful to 
enhance rear blanket fluence, heating or tritium production rates. Figures 
5.3.1-28 and 29 show the azimuthal profiles of the parameters. As direct 
neutrons hit the side wall of the module, the edge effect is more pronounced 
than in the regular reflector geometry. It extends about 13 cm in from each 
side at the midpoint and the back, but influences the entire region at the 
breeder front. 

If the azimuthal variation in neutronlcj profiles near the module edge Is 
in.desirable, then the test requires a reflector with similar neutronic proper
ties to those of the module itself. Very good behavior could be obtained with 

5-187 



Nuclear Heating Rate (Type A) 

15 

14 

13 

2.5 

2.0 

1.5 

* 0.5 

0° 10° 
AzimuthaT Angle, e deg. 

20° 

Fig. 5.3.1-25 Azimuthal profiles for the nuclear heating 
rate at the front edge, midpoint and the 
back of the breeder in the regular test 
condtion with the reflector and plug. 

5-188 



Tritium Production Rate (Type A) 

13 

a: 
S -

o 

I 

b.t) 1 1 
Front 

1 • 

• • 

4.0 

1 « 1 

c o 

- 1 1 - 1 
Middle • 

• -
• 

*-
CL. 

J-

3 ' 1 1 

Back 

1 
• 

2.25 
• _ 

1.5 - i 1 1 
10° 

Azimuthal Angle, e, deg. 

20" 

Fig. 5.3.1-26 Azimuthal profiles for the tritium 
production rate at the front edge, midpoint 
and the bottom of the breeder in the regular 
test condition with the reflector and plug. 

5-139 



ID 
O 

_ l 
r- 10 
n 
3: 

CM 

s-
o 

,-1 — 

z io- ? 

(LI 
- l - > 
IB 

a. 
E I O 

-3 

10 ,-4 

1 1 1 1 

Test Device 
<>, 

= 15 cm, 
= 25 cm' 

• X ID calculation 

_ X • • ZD calculation __ 
X • (Type B) 

- X 
• . 

-- X 
• 

• 
-

Nuclear 
X 

• 

• • * 

Heating X 

X 

X 

X 

X 

- XX -

• T r i t i urn 

X * 
X • 

• 
Production 

— 
X 

X 

• 
• 

• • • * -

- X -

1 1 

X 

1 , 

X 
X 

1 

KX 

-ho 1 

CM 

10° fe 

10-1 I 

10 ,-2 

10 20 30 40 

Depth from the First Wall, cm 
50 

Fig. 5.3.1-27 Depth profiles for the nuclear heating rate and 
the tritium production rate calculated in the full 
coverage and the non-reflector partial coverage geometries. 

5-190 



Nuclear Heating Rate (Type B) 
14.0 

-> 13.0 

1Z.0 

E 

•p 5 -

* 3 

o 5 

Azimuthal Angle, e, ^ g . 

Fig. 5.?.1-28 Azimuthal profiles for the nuclear 
heating rate at the front edge, 
midpoint and bottom of the breeder 
obtained in the nonreflector test 
geometry. 

5-2 91 



1 Tritium Production Rate (Type B) 

1 • • " 1 r • 
Back • 

.. .._ J . . „ .J ,,L 
0° 10° 

Aziniuthal Angle, o, deg. 
20° 

Pig. 5.3.1-29 Azimithal profiles for the tritium 
production rate at the front edge, 
midpoint and bottom of the breeder 
obtained in the nonreflector teat 
geometry. 

5-192 



a buffer blanket which has the sams material composition as that of the test 
nodule, although possibly different Internal structure. Lithium can also be 
replaced with boron because both materials Bhow a similar energy dependence of 
the neutron absorption cross sections. 

In summary, the reflector test port geometry may appreciably enhance the 
tritium production and heating rates in the breeder. A solid steel type of 
reflector will lead to enhancements of 100% in tritium production and 207! in 
heating in the front 20 cm of the Li 20 breeder since neutrons irsy be reflected 
into the breeder module rather than being absorbed by lithium under reactor 
full-coverage conditions. Moving the reflector further back will ixpose the 
sides of the test module to direct neutrons, and can significantly increase 
the tritium production and heating at the rear of the breeder (a factor of 
five), although this will occur primarily within 13 cm of the module edge. 
The reflector effect will be more pronounced in the LiA102 blanket module 
because the 90% enriched Li makes the blanket parameters more sensitive to 
low energy neutrons, and hence to the geometrical configuration. 

Material Composition Effects on Neutronics Parameters 

In a scaled test module, the internal structure of the breeder nay be 
modified by changing thicknesses, densities, or even material constituents. 
For example, the breeder thickness might be Increased under reduced bulk 
heating conditions in order to keep the solid breeder within the operating 
temperature for tritium recovery. Or the breeder density or lithium enrich
ment increased to enhance the tritium production. It is possible that fissile 
material would be added to increase both heating and tritium production. 
While these changes would affect several aspects of the blanket behavior, they 
may also alter the basic neutronics profiles. Here, the effect of varying the 
basic structural or breeder volume fractions is considered. 

T"ie material configurations in Fig. 5.3.1-2 was uced as the reference 
case. Note that the breeder is divided into two zones, Blanket 1 and Blanket 
2. The analysis was performed with the ANISN code in one-dimensional cylin
drical geometry, and is based on the direct sensitivity method. 

In the first case considered, the volume fraction of the structure (HT-9) 
in Blanket I was increased by 1002! or 300%, and the volume of the Li 20 
decreased by the same amount so the He coolant volume was kept fixed. The 
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results of the calculation are shown In Fig, 5,3.1-30 In comparison with the 
reference case results. The 300Z Increase In structure volume fraction made 
the nuclear heating rate: profile a little steeper (+10Z at the front and -40t 
at the back of the Blanket 1 zone), but tiie overall deviation is relatively 
small. Similar comments apply to the tritium production rate, although these 
decreased even at the front of the breeder. The reason for the decrease is 
the higher rate of neutron capture in the structure. 

In the second case, the LlnO density was decreased from 80% to 70% or 
602. The LI2O grains were assumed to be packed more loosely in the breeder 
platos, and the vacuum volume was correspondingly increased. Figure 5.3.1-31 
shows the calculated results. Both nuclear heating and tritium production 
rates decreased near the front of the breeder, but increased at deeper posi
tion. This was because It was easier for neutrons to penetrate through the 
lower density b^eder to deep regions. 

These results indicate that the neutronlcs parameters are not strongly 
sensitive to the material volume fractions. Thus, it Is reasonable to consi
der varying dimensions or densities if needed to preserve non-neutronlc 
blanket behavior. However, the usefulness of changes in composition specifi
cally to modify or enhance the neutronics parameters was not analyzed. 

'<* 

5.3.1.5. Summary 

A fusion teBt facility is likely to be different in both neutron power 
and configuration from a reactor. The test module itself may even be chang
ed. Some neutronics consequences of these differences were explored hare. 
Changes In neutron wall load directly affect the absolute values of ntutronica 
parameters such as nuclear heating rate, tritium production and radiation 
damage. The effects of the configuration are more complex. They M y be 
divided into effects due to changes in the test facility and to changes in the 
test module. 

The device size affects the absolute values of the neutronics parameters, 
even for fixed neutron wall load due to geometric effects related to the 
surface curvature. In particular, the first wall radius should be larger than 
20 cm or the neutronics parameters will be more than 20% smaller ths 1 expected 
in a larger device at the same wall load. The azimuthal profiles of neutron
ics parameters around the module first wall perimeter are also affected by the 
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device size. For the nuclear heating rate, a 1/r profile is expected, where r 
is the distance from the plasma centerline. This profile effect la larger in 
smaller test devices. The corresponding test requirement is to keep the first 
wall radius large compared to the module dimensions. Conversely, changes in 
the device size have little effect on the depth profiles of the neurronics 
parameters which are governed primarily by the neutron mean free path in the 
materials. 

The test environment in the test facility may also Influence the module 
neutronics behavior. A single module placed in a test port where it is. 
surrounded by reflector and structure - not other brecler moduleB - will give 
rise to higher tritium production and heating rates at the front of the 
breeder by ~ 100% and ~ 20%, respectively, for the Li20/He/HT-9 blanket and 
stainless steel reflector. If the reflector is moved back to expose the 
module side directly to neutrons, then the neutronlc parameters at the breeder 
back are enhanced by a factor of five. This latter enhancement holds within 
about 13 cm of the edges due to the attenuation of the neutrons. 

The test module itself may also be modified to suit the scaled test 
conditions. Normally, the first wall is thin compared to the neutron mean 
free path so there Is little variation in neutron flux and related parameters 
across the first wall. For example, the effective attenuation length for the 
nuclear heating rate is ~ 70 mm for both the Li,0 and LiAlC^ tokamak blanket 
first walls, while the reactor wall thickness is 10.8 ran and 11.9 m , respect
ively. If the first wall thickness is increased in the test module, however, 
then there eventually is appreciable attenuation in neutron flux and fluence 
across the first wall. This degrades the neutronice performance of the 
breeder, but may also give rise to undesirable effects -n the first wall. 
This suggests limiting the first wall dimensions to leBS than the neutron mean 
free paths, or about 5 cm based on the rapid attenuation of the high energy 
neutrons needed for He production (swelling) and transmutation. 

The thickness of the test module may be decreased to conserve test 
volume. The breeder thickness does not strongly affect th° neutronics 
parameters in either absolute value or profile if a rear shield or reflector 
is used to minimize neutron leakage. A minimum thickness of 20 cm is 
suggested in order to achieve over 80% of the full tritium production and to 
allow for interactions between radial breeder regions with substantially 
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different neutron exposure. 

The peak burnup of lithium atoms is about 72 in LijO and 50X in LiA102 

under reference conditions, and less under reduced neutron wall load condi
tions. The change in tritium production and heating under scaled test condi
tions (reduced wall load and limited test time) is not likely to be large, but 
the need to explore burnup-related effects may set test requirements. 

The neutroniCB parameters are not strongly sensitive to the material 
composition in the breeder zone. For example, a 300X increase in the struct
ural volume fraction caused a +10? deviation at the front and a -40J deviation 
at the back. And a decrease in the LijO density results in more moderate 
profiles, the attenuation coefficient of which is roughly proportional to the 
total atom density in the breeder. 

These conclusions are largely based on analysis of the Li20/He/HT-9 
blanket, but are expected to be applicable to other solid breeder blankets. 
The major difference Is that many other solid breeders require a neutron 
multiplier and Li enrichment in order to achieve sufficient tritium breed
ing. This leads to a greater contribution of low energy neutrons to their 
neutronics behavior than in the LioO breeder considered. In particular, the 
breeder thickness effect and the influence of the test port configuration will 
be more pronounced. Suppressing these effects requires that the reflector and 
plug material use materials with similar neutronics properties to those in the 
test module — i.e., lithium or boron. 
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5.3.2 Thermal Analysis 

5.3.2.1 Tatroductioa 
In Section 5.2.2, several phenomena related to the thermal behavior of 

solid breeder blankets were considered. The goal was to understand the 
thermal-hydraulic conditions and phenomena under reactor conditions, and to 
develop models for describing these phenomena. Here, these models are applied 
to determining the module thermal behavior under scaled test conditions, 
evaluating metht .s to preserve temperature profiles and flow conditions, and 
to determine test requirements based on these analyses. In particular, the 
effects of a test facility that has a reduced heat source, operating time 
(i.e., pulsed operation) and small test volume are considered with respect to 
the first wall temperature distribution, breeder temperature distribution, 
flow conditions and (briefly) corrosion. 

5.3.2.2 First Wall Temperature Distribution 
The first wall temperature profile is important for structural behavior 

and tritium permeation. But if the first wall heat source (surface or volu
metric) in the test facility is reduced relative to the reactor values, then 
the temperature distribution will not be preserved. This Is illustrated in 
Pig. 5.3.2-1 for the reference Li70/He/HT-9 tokamak blanket. As the heat 
source decreases, so does the temperature rise across the structure. 

In order to maintain the temperature distribution in any test facility, 
consider the dependence of the temperature profile on controllable varia
bles. Specifically, the overall profile may be roughly described by an ialet 
temperature, T l n l e t ; a bulk coolant rise, AT. ,, ; a film rise, AT,.. ; «id a 
first wall surface rise, AT„ . From Section 5.2.2.1, these are: 

AT. ,, = c (q d„ + 1.6 Q dl + ...) —:, - " - - 3 — (5.3.2-la) bulk s fw x v fw J.d, d, 
.0.2 

„ . . . . . . , , 2 , "re 
fw fc fw 

film " c («s dfw + W jnr- (5.3.2-lb) 
fw fw 

AT f w = c Cq ad f w + 0.5 Q vd^> (5.3.2-lc) 
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where Rf w la the first wall lobe radius of curvature, dfc Is the equivalent 
diameter of the first wall cooling channels, U f w is the first wall coolant 
velocity, d f w is the first wall thickness, q B la the surface heat flux, <$̂  is 
the volumetric heating and c contains leading constants and materials proper
ties. 

In addition, the temperature profile Is still Important within the first 
wall, and it might he useful to preserve- the average temperature, AT, , or the 
temperature gradient, VT, » 

**, -" C Vfw + °«7 Vfw> (5.3.2-2a) 

W f w = C Vfw + °' 5 $v dL> 3 7 " (5.3.2-2b) 
rw 

For example, thermal stresses in a slnple structure are zero at the average 
temperature position, and Increase (in tension or compression) away fron this 
point. Thus it would be desirable to maintain AT, and its location to 
preserve thermal stresses. 

There will also be local variations in temperature, such as in the 
vicinity of the channel supporting walls, 

• 2 dfs AT. < c (q 6, + 0 dt ) -—=• (5.3.2-3) fs ~ s fw v v fw d, fw 
where d^g is the supporting wall thickness. As these equations alone show, it 
is difficult to exactly preserve the temperature profile as the heat source 
changes. In particular, the term (q d, + b Q d, ) la common, but b = 0.5-

S XW V iW 
1.6, depending on the particular AT. Thus the relative contribution fron 
surface and volumetric heating cannot be retained. 

However, it is desirable Co see how close the temperature can be simula
ted, and derive test requirements based on where the deviation becoMes 
"large." A plausible approach IB to maintain AT, (for the thermal stress 
range) and T ^ j ^ , AT,,, and AT. .. (for overall average temperatures). It 
should be noted that there is no unique method, and this particular one may 
not be optimum. However, it has the advantage of simplicity and Illustrates 
the features that are likely to be observed for any reasonable approach. 
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Preserving AT, involves varying d f w with q s and <5 as given by Eq. 
5,3.2-2c. The results are shown In Fig. 5.3.2-2a for the reference LijO/He-
/HT-9 tokamak, and in Fig. 5.3.2-2b for the reference Li20/He/HT-9 mirror 
first wall* In general, surface heating dominates tokamak first walls at 
reference conditions, while volumetric heating dominates mirror first walls 
(see also Fig. 5.2.2-2 and -3). Surface heating contributes 85% of the 
peak AT, in the reference tokamak blankets, and only 25% in the mirror 
blankets. AB the overall heat source is reduced (q0 and 6 ) *nd the struc
ture thickened to preserve 4T, , the volumetric heating becomes more impor
tant. The effect on the first wall temperature profile is shown in Fig. 
5.3.2-3. Here, changes in the heat source, whilte preserving ^ Tf w» c a n ** 
seen to affect the temperature profile, and the location and magnitude of the 
average temperature within the first wall. The tokamak first wall Is more 
strongly affected. 

Maintaining AT. .. and £T f l l presents a few more choices including 
changing other dimensions and the flow velocity. As discussed in Section 
5.3.4, structural mechanics considerations prefer maintaining geometric aspect 
ratios. Thus all dimensions are scaled once dg„ is chosen. This leaves the 
first wall velocity, Ufa, as a controllable variable. Preserving AT. .. and 
AT,., corresponds to maintaining Re* . 

If these changes are made, then the effects of varying the heat source on 
the first wall temperature profile may be calculated. Using the 2-D model 
described In Section 5.2.2.1, the resulting temperature distribution is shown 
in Fig. 5.3.2-4. 

It can be seen that, for the reference tokamak reactor conditions, 
surface heating is critical to preserving the temperature distribution. 
Tokamak first walls are generally dominated by the surface heating contribu
tion and reducing the overall heat Bource leads to substantial difficulties in 
preserving temperatures unless surface heating remains dominant. In fact, for 
some test purposes, it would be preferable to do without volumetric heating If 
only a limited amount of surface heating is available. Of course, neutron 
effects are important for integrated testing with radiation damage and tritium 
production so substantial volumetric heating should be preuent. Thus, for a 
given reduction in overall heat source, a tok»-j.iL device or any high surface 
heating test facility would be the most useful. There Is no incentive to add 
additional volumetric heating to the first wall region. 
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Alternately, a mirror first wall is largely determined by volumetric 
heating under reference conditions. Under reduced heat -ource conditions, the 
first wall would be thickened and volumetric heating enhanced. Thus a mirror 
first vail scales better under reduced heat source conditions. However, many 
mirror test facility designs have snail central cells (for cost savings) and 
substantial central cell neutral beam power (to malnta? the plasma) leading 
to potentially larger surface heat fluxes than may lie present in a mirror 
reactor. For erample, TDF' 1' estimated an average central cell surface heat 
flux of 0.1-0.3 MW/m2, with up to 10 MW/m2 in the vicinity of the neutral 
beans. If this surface heating is not reducable, it becomes the dominant 
contributor to the first wall, and the same problems occur as with tokamaks. 

The important point is to that first wall temperatures that are dominated 
by surface or by volumetric heating will not be preserved if this dominant 
form of heating is not preserved. As a rough measure of this point, 
consider AT I AT , where AT is the first wall temperature rise due to surface 
heating and AT is the temperature rise due to bulk heating: 

AT 2q 
• g l . - f i (5.3.2-4) 

v Q d, v fw 
For a volumetric-heating dominated mirror blanket, AT. = Q d- /2k sri. 

AT /AT « 1, leading to the test requirement 

Q k A T * n s 
«s « t V

 2 ) (5.3.2-5) 

For a su r face-hea t ing dominated tckamak b lanke t , AT, = q <*.. /k and 
AT /AT » 1, leading to 

s 

kAT, 
q, » (-Z-r^f'5 • (5.3.2-6) 

These are shown in Fig. 5.3.2-5 for the Li20/He/KT-9 and LiAlOj/l^O/PCA/Be 
reference designs. 

5.3.2.3 Solid Breeder Temperature Distribution 

Almost all of the phenomena which are essential to solid breeder mechani
cal behavloi and tritium recovery are strongly temperature dependent. Figure 
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5.2.2-6 depicts this graphically. Therefore, it Is Important that an "act-
alike" test module have the same temperature distribution as the reference 
blanket solid breeder. 

Effects of Reduced Volumetric Heating 

Under reduced heating conditions, the temperature profile In the breeder 
and coolant retain the same basic shape but with reduced range, gradient and 
average values. It is desirable to modify the blanket design to compensate 
for these changes and restore the breeder temperatures. To address this 
problem, the temperature profile may be characterized by a limited set of 
bounding parameters and these examined to determine the conditions necessary 
to preserve them as the heat source changes. 

Neglecting changes In the heat feneration profile, there are six basic 
contributors to the breeder temperature profile: coolant bulk temperature 
rise, AT ; film temperature rise, AT... , clad temperature rise; gap temp
erature rise, AT ; breeder temperature rise, AT. , and the breeder tempera-

gap b* 
ture gradient, vT The first two are generally small, well understood ard 
can be controlled by altering the coolant inlet conditions, coolant channel 
dimensions and coolant flow rate. The gap conductance may be very important, 
but its scaling is uncertain and not treated in this analysis. The breeder 
temperature rise is particularly important since the breeder must operate 
within a specific temperature window. The breeder temperature gradient is not 
presently considered significant under reference conditions, but may cause 
unexpected effects. As a minimum goal for preserving the temperature "distri
bution", the coolant conditions could be altered so as to maintain the breeder 
minimum temperature, and the breeder temperature rise Itself controlled by 
other means. 

Breeder Temperature Rise The breeder temperature profile In radial slab and 
axial cylinder geometry has been calculated in Section 5.2.2. The basic 
profile in the breeder is essentially unchanged under reduced volumetric 
heating conditions, although the range and average values will decrease. In 
particular, under uniform heat generation conditiona, ttu; temperature varia
tion from the breeder centerllne to the nearest coolant channel is given by 
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M 2 
4 T h " i i r - f( db / dc> ( 5 - 3 - 2 ~ 7 ) 

where 

slab 

lnCl + x) - 7 - "J cylinder 
f(x) -{ , , x t (5.3.2-7a) 

where di 1B the coolant-to-breeder centerllne distance and d c la the coolant 
channel half-width. In order to preserve fiT under reduced heating, It la 
necessary to alter the thermal conductivity or change the dimensions. Since 
the effective breeder thermal conductivity Is uncertain, the only practical 
approach Is to adjust the dimensions according to Eq. (5.3.2-7). Note that 
for the cylindrical case, over the range d. /d *» 0.1-5 of interest, f(d b/d c) 
varies from 1 - 2 . This variation may be neglected as a first approximation 
(with the understanding that it could be included In more detailed analyses), 
leading to the fundamental scaling approach 

d v - Q " ° * 5 (5.3.2-8) 
b xv 

As a numerical example, consider a test facility with a neutron wall load 
of 1 MW/m2. Table 5.3.2-1 lists the reference blanket breeder parameters as 
well as those of a Ll20/He/HT-9 test module assuming the above scaling rela
tion (and similar approximations for the film, gap and coolant temperature 
rise). Since the test module volumetric heating is smaller, the breeder 
thickness has been Increased such that the same breeder temperature rise Is 
achieved. Figure 5.3.2-6 shows the test module solid breeder with contours of 
constant temperatures, obtained with a 2-D finite element conduction code. 
The numerical results of the reference blanket are also shown for several 
breeder locations, and It can be seen that the temperatures of the reference 
breeder and test module are fairly close. 

However, there are several phenomena tnat were not considered In this 
analysis, including axial conduction, temperature gradients, variation in heat 
generation profile, coolant .entry length and breeder end effects. 

Axial Conduction It was shown in Section 5.2.2 that axial conduction affects 
the breedex by decreasing the front breeder temperature while increasing the 
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Table 5.3.2-1. Solid Breeder Blanket Parameters 

Li,0/He L1A102/M20/Be LijO/He 
tokamak tokamak test nodule 

Neutron wall load, MW/m2 5 5 1 

Peak nucleir heating, HW/m3 50 60 10 
Nuclear heating attenuation 0.1 0.1 0,'. 

length, m 

Unit cell dimensions: 
Along coolant channel, ra 0.42 2 0.'i2 
Cross-section, m 2 0.011 x 2 0.02 x 0.02 0.025 x 2 

Coolant inlet velocity, ra/s 20 5 6.3 

Inlet heat transfer 
coefficient, W/m-K 2550 20000 972 

Gap conductance, W/m2-K 3000 — 3000 

Coolant pressure, MPa 5.1 15.2 5.1 

Purge stream pressure, MPa 0.1 0.1 — 

Coolant inlet/outlet 
Temperatures, °C 320/510 280/320 320/510 
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Plain Numbers Test Module Numerical Result 
( ) Reference Blanket Numerical Result 
All numbers in °C 
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(532) 
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(518) 
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(503) 

Figure 5-3.2-6 Temperature contours for layered sol id breeder t e s t 
module ( q n w -p = 1 MH/m )̂ and i t s comparison with 
Li20/He/HT-9 reference blanket . 
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back temperature. This is not a major effect under reactor conditions due to 
the thinner breeder and lower temperature gradients in this axial direction. 
However, under reduced heating with the thicknesses modified as described by 
Eq. (5.3.2-8), axial conduction nay become more significant in reducing the 
important peak temperatures. 

One way to handle axial conduction cooling of the front breeder in the 
test nodule} If necessary, is to thicken the breeder so as to add further 
heating and Increase the breeder temperature rise, 

dt, - (Q vg<0))"°* 5 (5.3.2-9) 

The back temperature, however, will be doubly higher now due to the Increased 
thickness to compensate for the front conduction cooling as well as the axial 
conduction. Overall, however, axial conduction is not expected to be a najor 
influence on the temperature profile for either the plate or axial cylinder 
breeder designs• 

Temperature Gradients In fission fuel pins, the temperature gradient is about 
5 x 10 K/m and a variety of processes are activated. For example, closed 
pores migrate up the temperature gradient; and fuel constituents such as 
oxygen, plutonlum and fission products are redistributed.^ The speed of 
these diffusional processes is generally of the form' • ' 

u "* ^~~H w (5.3.2.10) 
T 

where the exact dependence varies with the rate controlling phenomena - solid 
matrix diffusion, surface diffusion or vapor diffusion, for example. Typical 
speeds are 0.1-10 x 10 m/s for pore and fission gas movement in fission 
fuel pins/ 2* 3^ 

In solid breeders, the diffusion of pores, helium bubbles, LiOT and 
tritium will also be affected by the temperature gradient. However, typical 
gradients are around 5 x 10 K/m, or an order of magnitude less than in 
fission fuel. Furthermore, the temperature is generally colder. Thus It is 
not presently believed that the temperature gradient is significant in solid 
breeders. But since there Is very little data to confirm this, and assuming 
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that the effects scale directly with OT., It would be desirable to preserve 
the gradient in the test module. 

The average temperature gradient across the solid breeaer is 

W v * -r- - - j p (5.3.2-11) 
b ^ \ ± 

Consequently, it Is not possible to preserve both the breeder VT and AT 
simul 
then 
simultaneously (AT <* 6 d, ), and If the latter is considered more important, v b 

VT. « 6 1 / Z (5.3.2-12) 

In other words, the temperature gradient decreases as the volumetric heating 
(I.e., neutron wall load) decreases. 

Effects of Pulsed Operation 

So far, the test module thermal behavior has been considered under 
steady-state conditions. But it Is likely that near-terra test devices will be 
pulsed. In this section, the consequences and test requirements due to 
pulsing effects on solid breeder temperatures are considered. 

Figure 5.3.2-7 shows the temperature-time history of the reference 
breeder (designed for steady-state operation) under particular pulsed condi
tions. The figure shows the values for breeder maximum and minimum tempera
tures, as well as those for steady-state operation. It is observed that it 
takes about two full cycles (under these pulsed conditions) for the breeder 
temperature to approach quasi-equilibrium conditions. However, ebe peak 
quasi-equllibrium temperatures are considerably lower than those for steady 
state. 

Furthermore, Figure 5.3.2-7 does not reveal the entire extent of the 
breeder deviation from steady-state conditions. This may be better visualized 
by a plot of the temperature density, which shows the mass distribution of 
temperature averaged over the breeder and one pulse. Figure 5.3.2-8 shows the 
breeder temperature density for steady operation and for pulses where the burn 
and dwell time are equal to the breeder thermal characteristic time. It is 
seen that the temperature density under pulses is drastically different than 
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Figure 5.3.2-7 Temperature-time history of solid 
breeder under pulsed conditions. 

t 
s 
r 
£ 0.0 

Ta*tr»tiir«, °C 

Figure 5.3.2-8 Comparison of temperature density 
at steady-state and pulsed 
conditions In the Ll-0 blanket. 



that for steady operation. Two distinctive pulsing effects nay be observed: 
(1) the whole temperature distribution has shifted to lower temperatures; and 
(2) the temperature density is more spread out. 

Modified Breeder under Pulses Since the temperature variations due to pulsing 
may cause unacceptable changes in tritium recovery and structural behavior, 
consider possible approaches to recovering the steady-state conditions. At 
least two obvious degrees of freedom exist for achieving this goal: 

1, Increasing coolant inlet temperature; 

2. Increasing breeder thickness. 

The effect of each of these modifications may be estimated from the 
breeder temperature solution in Section 5.2-2 (slab geometry), 

T 1 - T. + (c.d. + c,d?> u 1 (5.3.2-13) 
max In 1 o 2 D 

r 1. = T, + c-i" - 1 

rain In 1 T_,_ = T,_ + c ^ u (5.3.2-14) 

where c, and Co are constants depending on breeder geometry and properties and 
u 1 (1 = rain, avg or max) is the thermal response of the breeder to a unit step 
function in heat generation. It may be observed that combinations of these 
two modifications might be more useful in controlling the temperature under 
pulsed operation than either alone. The temperatures in Eqs. (5.3.2-13) and 
(5.3.2-14) are read as, for example, T a v * is the time-averaged value of the 

max 
breeder maximum temperature. It is seen that for any desired values of T^j 
and T?TlaXi Eqs. (5.3.2-13) and (5.3.2-14), can be solved for the coolant inlet 
temperature, T i n , and breeder thickness, d. . 

To illustrate possible test module design options, four types of modifi
cations are considered. The first two are based on modifying coolant tempera
ture and breeder thickness, the third is based on modifying only breeder 
thickness, and the fourth is based on modifying only coolant flow condi
tions. These modifications are best described illustratively in Fig. 5.3.2-9, 
and are defined by: 

Type 1 (Figure 5.3.2-9a) 

average (T^ n) - T»» n (5.3.2-15) 
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Figure 5.3.2-9 Temperature-time nistory of solid breeder uader pulsed 
condition for various breeder modification types. 
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maximum (T^f > - T " (5.3.2-16) 
•ax max 

Type 2 (Figure 5.3,2-9b) 
minimuft (T*f ) - T 8* (5.3.2-17) 

m n sun 
maximum (l** ) - T*" (5.3.2-18) 

max max 

Type 3 (Figure 5.3.2-9c) 

average ( T ^ Q ) - ^ (5.3.2-19) 

AT - 0 (5.3.2-20) 

Type 4 (Figure 5.3.2-9d) 
coolant flow turned off during dwell time 

The consequences of the modifications can e.Xao be seen through the 
breeder temperature density profiles. Figure 5.3.2-10 show the temperature 
density under steady-state and pulsed conditions for breeder modified types 1-
3. Again, a plausible burn and dwell tine equal to the breeder thermal 
characteristic time has been chosen In these numerical examples. It can be 
seen that the temperature densities under pulsed conditions are now closer to 
those for steady state than In the case of unmodified breeder (Fig. 5.3.2-8). 

Type 1 has the advantage of having an averaged low temperature equal to 
minimum steady state temperature, which le derived In consideration of those 
phenomena dependent on temperature. Type 2, meanwhile, has the advantage of 
having a distribution shape slightly closer to that for steady state. Also, 
its minimum temperature does not fall below the minimum steady-state tempera
ture. Depending on the importance of the lower temperature limit, either 
modification may be preferred. Type 3 does not reproduce the temperature 
density as well, but does avoid modifying the clad temperature and possibly 
affecting tritium permeation or structural behavior. Type 4 was not analysed 
in detail here. The idea is to shut off the coolant flow rate during the 
dwell period, and so thermally isolate the breeder. It is expected that the 
fluctuations may be weaker and remain within the temperature window without 
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Figure 5.3.2-10 Comparison of temperature denisty at steady state and quasi 
equilibrium pulsed conditions for various breeder modifications. 
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ted. However, la no caee has the true steady-state distribution been recover
ed. 

Burn and Swell Time Basically, these modifications can modify the breeder to 
compensate for the reduction in average input power as a result of the pul
sing. However, the "'rounding" of the time-averaged temperature density cannot 
be controlled. Given, then, that pulsing can affect the breeder temperature 
distribution in waya that may not be entirely compensated, one can consider 
what amount of pulsing la acceptable. For demonstration purposes, only 
breeder modification Type 1 Is considered. The results are shown in Pigs. 
5.3.2-10 and 5.3.2-11, where burn and dwell tines are varied over a wide 
range. Two classes of behavior are observed; 

1. Longer burn and shorter dwell times tend to give a reasonable overall 
distribution. The distribution has a sharp peak and does not fall as 
tiMch to lower temperatures. 

2. Shorter burn and longer dwell tioes tend not to reproduce the desired 
tine-averaged distribution. The tetaperature density is shifted to 
colder temperatures and has a relatively rounder peak. In extreme 
cases, the temperature density develops a second {and cold) peak due 
to the long time spent in the dwell period. 

The corrections necessary for these »odificaCions are calculated by 
solving Eqs. (5.3.2-13) and (5.3.2-14) with the desired maximal an«3 atfriiautn 
temperatures. Figure 5.3*2-12 show the results for the coolant inlet tespera-
ture and breeder thickness corrections fox modified breeder Types 1 and 2. In 
these figures, the particular correction is plotted as a function of duty 
cycle for various values of the hum time. The coolant inlet temperature 
correction is seen to be generally less than 200 K in the range plotted. 
However, it Increases with decreasing duty cycle and increasing; burn time. It 
is also observed that the Type 2 modifications require more correction. The 
breeder thickness correction, tf*/d?*, is plotted in Pig. 5.3.2-12. The 
correction is usually in the range of 0.7-2 for the range of parameters 
considered. The corrections required for Type 3 modification are not shown 
but simply given by 
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AT l t i - 0 (5.3.2-21) 

I"! , - i - . ***** i (332-22) 
dss avg tb duty cycle ^o.-t a J 

Although a systematic and quantitative way of measuring the closeness of 
the temperature distribution of the test nodule under pulsed conditions to the 
true steady-state reference temperature is lacking, it la possible to qualita
tively define, based on the results of Pigs. 5.3.2-10 and 5.3.2-11, limits on 
burn and dwell times. Figure 5.3.2-13 shows such a qualitative Judgment. 
This figure has divided the range of burn and dwell times into three catego
ries. First, the good distribution region, where t./t > 3 and t./t < 3 . 

• c a c 
This region generally produces temperature distributions similar to those of 
steady state with a sharply peaked temperature density. Second, the fair 
distribution region, where t./t < 3 and t./t < 3 . This region is charac-

D c d c 
terized by temperature distributions that are slightly shifted and have round 
peaks. Finally, the poor distribution region, where t./t > 3. This region 
is associated with highly shifted temperature distributions and with having 
two peaks. It should be noted, however, that tj/t < 3 may be too generous 
since it allows the breeder to almost fully cool off during the dwell time, 
leading to large temperature fluctuations, and t d/t c < 1 is preferred. 
Characteristic Times So far, burn and dwell times have always been normalized 
by the characteristic time, and it has not been possible to set absolute test 
requirements. The characteristic time, however, does nox remain constant when 
the breeder is redesigned for a reduced heat source and pulsed environment. 
Thermal characteristic times for Type 1 modified breeder is shown in Fig. 
5.3.2-14 as a function of test device neutron wall load while duty cycle and 
burn times are varied. Figure 5.3.2-14a is for the case of unity duty cycle, 
or steady-state operation. As the neutron wall load decreases, the modified 
breeder becomes thicker and the characteristic time Increases. 

Longer c'naracteristic times demand longer burn time if, for example, the 
condition of tfc/t > 3 is required (see Fig. 5.3.2-13). Alternately, If the 
burn time is given, say 300 s, then the characteristic time should be less 
than a be ut 100 s. Now for a fixed duty cycle, say 0.5, it can be concluded 
from Fig. 5.3.2-l4c that such a characteristic time requires that the neutron 
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vail load of the test device be greater than 1.8 MW/m . Similar calculations 
may be done for variors burn time and duty cycle. Figure 5.3,2-15 shows the 
result of such calculations. 

This figure plots the needed burn tine versus the test device neutron 
wall load for various duty cycles. The results for duty cycle less than 0,5 
is shown in dotted line signifying the fact any duty cycle less than 0.5 
yields a poor test module (see Fig. 5.3.2-13). It is observed than the 
relation between burn time and neutron wall load (both major device para
meters) Is not a strong function of duty cycle. It Is also seen that at 
around neutron wall load less than 1 .5 MW/m , the required burn time sharply 
Increases, suggesting that any test device wall load less than about 1.5 MU/nr 
will need very long burn times. 

The dwell time limit is also available from Fig. 5.3.2-15, although not 
directly. Assume, for example, a burn time of t^ - 400s and a duty cycle of 
0,8. Figure 5.3.2-15 indicates a minimum neutron wall load of about 1.3 
MW/ra. If this minimum wall load is -hosen, the requirement on the dwell time 
is already met (duty cycle of 0,8 and burn time of 400 s yield a dwell time of 
100 s) since t d < t c which will correspond to a fair test module. But what if 
a neutron wall load larger than the minimum required is chosen? Larger wall 
load means a smaller characteristic time, which In turn means larger tj/t for 
the same dwell time. This may result in poor test module thermal behavior. 
The correct limits on dwell time should be redetermined from Fig, 5.3.2-14. 

Within a reasonable approximation, however, It is possible to construct a 
single figure showing limits on burn time, dwell time, and neutron wall 
load. This la possible due to the observation from Fig. 5.3.2-14 that these 
limiting parameters are not generally a strong function of duty cycle. Figure 
5.3.2-16 shows this relation based on a duty cycle of 0,8, but approximately 
true for any duty cycle. 

Again, an example will best describe this figure. Given a burn time of 
400 e, the minimum neutron wall load consistent with t b/t c > 3 is 1.3 MW/m , 
and the corresponding maximum dwell time is 130 8. However, if a larger 
neutron wall load is chosen in order to have generally better test conditions, 
say q n u - 3 MV/m , then a maximum dwell time of 50 s is obtained. It is 
interesting to note that while increasing the neutron wall load helps any 
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given burn tine look no re attractive with respect to the characteristic time, 
" it correspondingly imposes tighter limits on the dwell tine. 

5.3.2.4 Flow Conditions 

Flow Distribution 

' The reference blankets contain 20-50 first wall channels per meter of 
axial length, and 20-200 breeder coolant channels. It is normally assumed 
that the flow will be distributed equally under reactor conditions. In any 
event, it is desirable for the test module to retain these flow conditions. 
One question is how many channels are needed to maintain the multiple flow 
path characteristics of the reference blankets. This would be important for 
channel-to-channel flow oscillations, or flow redistribution around deformed 
channels or local hot-spots. Space constraints dictate that as few channels 
as necessary be retained. 

There may not be a definitive answer, but one calculation is to assume 
that the total work done by an external pump on the system of multiple chan
nels is fixed, that is P „ u m D " &pV - constant, where P,,unD is the pump power, 
fip is the pressure drop across the channels (uniform inlet and exit pres

sures), and V ~ UA is the volumetric flow rate. Typical pumps roughly exhibit 
this behavior although there is also a maximum flp and a maximum V . Assuming 
Ap = f(L/d)pU II ; f «= c f/Re°* 2 and Re = pUd/y, , then 

fip - CV U 8 ' (5.3.2-23a) 
( 
where 

c f L p 1' 8 u°-2 2 3' 6 

C = ,4.8 1.8 (5.3.2-23b> 
d IT 

For N parallel channels, 

AP = C 1V ±
1' 8 , 1 - 1 , ...N (5.3.2-24a) 

H 
Ap T V = P (5.3.2-24b) 

i=I 1 
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Defining the ratio of channel "friction factors" by 

Aij " « y c i > 1 / 1 , 8 (5.3.2-25) 

Then, if all channels are identical except for some channel j, Ci 4 C^, Eqs. 
(5.3.2-24) gives 

C 1^ 1
2* 8(N - 1 + X ) - P , i * j (5.3.2-26) 

Furthermore, defining V * (P /CN) '""•° as the unperturbed flow rate, then 

T " - < N - l \ X t j > 1 / 2 , 8 • * * J (5.3.2-27) 
o 

- 1 - X,, — (5.3.2-28) 
v 1 J v 
o o 

and the Reynold's number scales similarly. 
Assuming that changes in friction factor are due to changes in channel 2 67 diameter (from deformation, manufacturing tolerances), then I, = (d./d.) * . 

Figure 5.3.2-17 shows the variation in flow rates, V./V , as a function of N 
and X . Under reference conditions, N » 10. The number of channels needed 
to maintain the same response to a channel perturbation depends on the size of 
the perturbation. Possible effects are IZ based on thermal expansion, 4% 
based on swelling, < 1 B for manufacturing tolerances. From the figure, it 
can be seen that for up to 50% reduction in channel diameter (i.e., factor of 
four times reduction in flow area), 10 channels preserves better than 85% of 
the infinite channel response. 

Flow Vibrations 

Flow vibrations are strong functions of the global geometry and coolant 
conditions since these affect the frequency range of the flow vibrations, the 
natural structural frequencies, and the magnitude of the damping. The pre
sence of flow vibrations is probably best checked with a full component under 
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Figure 5.3.2-17 Flow reduction inparallel channels if one is partially blocked, 
normalized to flow reduction with infinite parallel r.hannels, 
assuming fixed pumping power. 
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fall flow conditions. This would miss any eff«cte from heating (distortion of 
structure) or radiation damage, but these are probably secondary concerns. 

In a scaled nodule, it is beat to preserve geometric aspect ratios; the 
"reduced velocity", D/fd, where f is the vibration frequency of the structure; 
and the mass ratio, m/od , the ratio of structural mass to fluid aass per unit 
length. Natural frequencies are complex, but simple beans behave with 
f ~ (EI/mL ) where I is the moment of inertia and L is the beam length. 

If a very rough rule-of-thumh is acceptable for scaling purposes, then 
note that the onset, and strength, of many instabilities is related to D/fd 
and its value relative to the mass ratio s/pd . From simple dimensional 
considerations, these imply that the scaled test should preserve UI, /d . 

Thermal Instability 

There is a region of thermal instability associated with layered solid 
breeder design of Li2/He/HT-9 reference blanket (see Section 5.2.2). The 
present design is in the stable region. Therefore, the test module should at 
least be in the stable region too. However, due to many uncertainties inclu~ 
ding approximations and assumptions made in the analysis, hot spot factors, 
flow instabilities and so on, one prefers to have the test module and the 
reference blanket at the same relative position In the stable region. That 
is: 

o °_ 
) . (5,3.2-29) 
reference 

where d c c r is the critical coolant half channel width. 

5.3,2.5 Corrosion 

Corrosion mechanisms In general are very complex and not completely 
understood. However, there is a reasonable amount of experience wirh water 
and helium coolant to provide some confidence in the blanket behavior. At a 
minimum, a scaled test that includes corrosion effects should preserve the 
coolant chemistry (type and concentration of impurities), coolant hydraulics 
(e.g., Reynolds number), and blanket temperatures. 
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5.3.2.6 SuBwary 

It la very important that any test module reproduce the Important char
acteristic* of the blanket thermal behavior since these govern the design and 
operation of the blanket, and drive many known and probsoiy many unknown 
processes. Concerns addressed here include the first wall and solid breeder 
temperature profiles, particularly breeder axial conduction (plate breeder 
geometry), cylindrical heat generation asymmetry (breeder-outsf de-tube geome
try) and pulsing effects, as well as some aspects of flow behavior. 

It is likely that the test facility will operate with a lower heat source 
than the reactor. In order to preserve temperatures throughout the blanket, 
some combination of adjusting dimensions and coolant inlet conditions seens 
necessary. However, these can only compensate some aspects of the temperature 
profile. For example, It is not generally possible to preserve both the 
breeder temperature rise tSt and gradient VT simultaneously. A more complex 
and Important issue is preserving the first wall temperature profile to retain 
thermal stresses, mechanical behavior and trie'urn permeation. First wall 
temperature profiles are dominated by volumetric heating in mirror reactors 
and by surface heating in tokaraaks. This sense of heat source dominance 
should be retained under test conditions, leading to the balance in test 
requirements which shows that, for a given test facility neutron wall load, 
there is a minimum useful surface heating for testing tokamak blankets, and a 
maximum useful surface heating far testing mirror blankets. 

Another important concern is the thernal behavior of the solid breeder 
under pulsed heat source. Almost all important phenomena within the breeder 
are highly temperature dependent, so it is important to preserve not just the 
temperature extremes, but also the breeder-averaged temperature distribution 
or "temperature densit;-". It is evident that pulsing has two major effects: 
(1) the entire temperature is shifted to colder values due to the reduced 
average heat source; and (2) the temperature "density" is smeared out due to 
the time spent cooling down during the dwell period. While the former can be 
compensated by increasing the breeder thickness and adjusting coolant condi
tions, the latter is strongly related to the pulsing Itself and leads to 
burn/dwell time limits. 

5-233 



References for Section 5.3.2 

1. "A Tandem Mirror Technology Demonstration Facility", Lawrence Llvermore 
National Laboratory, UCID-19328 (October 1983). 

2. D. Olander, "Fundamental Aspects of Nuclear Reactor Fuel Elements", 
Energy Research and Development Administration, TID-26711-P1 (1976). 

3. F. Nichols, "Transport Phenomena In Nuclear Fuels under Severe Tempera
ture Gradients", Jrnl. of Nucl. Mat., JW, 1 (1979). 

5-234 



5.3.3 Tritium Recovery 

The results presented in Section 5.2.3 can be used in a preliminary 
fashion to determine the requirements for scaled testing from a tritium 
recovery viewpoint. If the reference desigrs continue to use a helium purge 
gas with 100 wppm hydrogen (i.e., protlum) added to the purge, then the 
Jifftisive Inventory (Ij) should be th.e major component of the solid breeder 
Inventory (It). For the plate designs the diffusion inventory Is given byt 

I d - TI-5- 7 (h /N) f i expfn/RTj) , (5.2.3-1) 
o 1-1 

where tht primary design variables are grain size fr ), generation rate (£), 
average temperature (T), and the distributions of temperature and tritium 
generation (h^ and fj). For scaling purposes, It Is useful to express G in 
units of wppm/s. 

The equation for the cylindrical geometry given In Section 5.2.3 is: 

I d - [rj/15 D(T)]fG , (5.3.3-2) 

where the variables are the same as those given for the plate. In both cases, 
the neutron wall load in the test facility will probably be considerably less 
than the design goal of 5 HW/m . Assuming that the temperatures are simulated 
correctly, the reduced neutron flux can be compensated for partly by increas
ing the Li enrichment of the fuel (as was done in FUBR) or increasing the 
grain size. The problem with increasing t. - grain size is that this will also 
affect the helium behavior which scales in a much more complicated manner to 
grain size than does the tritium behavior. Also, the grain size is not a 
tine-independent variable (particularly for Li 20). If tritium recovery is the 
only goal of the experiment, then It is recommended that the enrichment be in
creased in order to simulate G. However, If the experiment is also designed 
to investigate neutronlcs and tritium breeding, then the enrichment should be 
maintained at the design value and Eqs. (5.3.3-1) and (5.3.3-2) used to 

extrapolate the experimental results to design conditions. 

Accepting the lower generation rate in the test module, the tritium per
meation (or leakage) to the primary coolant can be simulated by reducing the 
purge flow velocity proportionately according to the equation: 
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<*m\ " nHTR V V P • C 5 - 3 ' 3 - ' j ) 

where n„ T - 2 n_ and n_ la the production rate of tritium in moles/s. iiy 
keeping n /V the same for the module as the design, the correct partial HI p 
pressure is maintained. The leakage rate is then preserved according to: 

«T ' (3 Fm A / 8 d. V 1 ^ ' (5.3.3-4) 

where A is the mean surface area for permeation and d m is the thickness of the 
membrane. 

In the preceding discussion the assumption of a steady-state test device 
was made. It is likely that the test device will be cycled with some speci
fied burn time (t, ) and dwell time (tj). The major problem with a pulsed test 
device is to determine the requirements for t h and tj Buch that the experi
mental results for tritium inventory are qualitatively representative and can 
be extrapolated in a quantitative manner to design blanket conditions. The 
primary requirement for tritium behavior is that the burn cycle be suffici
ently long enough to allow the minimum, maximum, and average breeder tempera-
tures to achieve the design values. 

For the LljO plate design, a burn time of ~1 mln greater than the time to 
reach thermal equlibrlum appears to be sufficient to achieve steady—state 
release rate, providing that the minimum blanket temperature is not less than 
510°C throughout the burn cycle. This calculation assumes: (1) surface 
adsorption and bulk solubility minimized by adding protlum to the purge; (2) 
no grain growth or sintering; (3) no decrease in the bulk diffusion 
coefficient due to irradiation damage; and (4) no adverse affects of helium 
bubbles (e.g., trapping) or helium-induced swelling (e.g., hot pressing of 
purge channels and interconnected porosity.) 

As all of the above are likely to have some effect on the inventory, the 
additional 1 rain of burn time beyond thermal equilibrium will be sufficient to 
achieve a quasi-steady inventory and release rate for Li,0 early In the test 
period. The surface adsorption/solubility terms could take as long as a day 
to reach equilibrium. The last three items have time constants on the order 
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of nonths. The difficulty then with a burn time of ~1 mta which maintains at 
least the minimum temperature of SLO'C for the full cycle and achieves the 
maximum temperature for some fraction of the cycle, is converting the results 
to equivalent full-power hours and extrapolating to design conditions. 

The tritium response of the L1A102 plate Is ouch slower than that of the 
tljO plate, but the analysis is somewhat simpler in that LiAlOjj is more stable 
and bulk diffusion is more dominant. A burn time of tj, ~ 4 days appears to be 
sufficient to establish equilibrium inventory and release time. Even if sur
face adsorption Is a factor, equilibrium surface concentrations should be 
achieved during this time period. 

For the LiAlOgftljO design* the low breeder temperatures CT nt n - 350°C) 
result In very long times to equilibrium. Table 5.2.3-1 shows the release 
rate time constants for 67.42 and 99% of steady-state values as a function of 
the minimum blanket temperatures. An upper bound on the burn time require
ments can be found by assuming that the blanket must reach thermal equilibrium 
before tritium is released. The time for thermal equilibrium is estimated to 
be <50 mln based on the slow response near the back of the blanket. The addi
tional times for 67.4% and 99£ of equilibrium for the release rate are T,, . < 
2 mill and T„„ < 4 mo. Therefore, it appears that In order to have results 
that are amenable to analysis, a burn time of at least 1 h ie required. This 
should be sufficient to achieve a release rate fraction of greater than 67.4Z 
for the first cycle. It would then cake lees than 3000 cycles to achieve an 
effective tritium release rate of 99%. The time to achieve a steady-state in
ventory, however, is considerably longer, as Indicated in Fig. 5.2.3-16. 

Additional calculations were performed to determine the effects of not 
achieving the maximum temperature for the LiAltWHoO design during the burn 
cycle. Figure 5.3.3-1 shows the results of an Idealized (i.e., Instantaneous) 
startup with T f f l l n fixed at 350*C and T B a x instantly achieving values from 700-
1000*C. The lower the value of T r a a x, the longer the tine response and the 
higher the end-of-life inventory relative to the design case. 

Given the high degree of uncertainty in the preceding discussion of tran
sient tritium behavior, the recommendations with regard to burn-dwell require
ments are, at best, preliminary and highlighted for further investigation. 
The assumption that bulk diffusion is rate limiting for I^O (even with pro-
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tium swamping) is debatable in that it leads to predicted inventories of ~10 
wppra. Clearly, the presence of small amounts of impurities in the LijO and 
the helium coolant (particularly H 20) could change this result dramatically. 
More confidence la associated with the L1A102 plate design for which 
inventories of ~0.2 wppm were calculated. The most confidence is associated 
with the LiA102/H20 design calculations for which tritium inventories of 
-15 wppm were predicted. 

The recommendations for burn-dwell times in Table 5.3.3-1 are the best 
estimate of tritium behavior at present. For burn times shorter than these 
values, a more sophisticated transient analysis must be performed, and it will 
be exceedingly difficult to sort out mechanistic interpretations of the data 
If the results differ considerably from the expected tritium behavior. 

As the recommended burn times for the L1A102 designs are relatively long, 
a practical Interpretation of the numbers in Table 5.3.3-1 is that these 
represent desired times at steady-state design temperatures. If short burn 
times are used, these indicate the minimum number of cycles required to get 
useful information on tritium Inventory, assuming no fluence or burnup 
degradation of the diffusivities. 

Table 5.3.3-1. Preliminary Recommendations for Burt.-Dwell 
Times for Scaled Tests to Simulate the 
Behavior of Tritium in LijO/He and LiA102/He 
Plate Designs and LiA10z/H70 Designs 

Design 

Minimum 
Burn Time6 

(s) 

Minimum 
Dwell Time 

(s) 

Li20/He 
LiA102/He 
LiA102/H20 

2.0 x 10 2 

3.5 x 105 

1.0 x I0 7 

b 
b 
b 

aBased on achieving thermal equilibrium and a tritium-release 
rate of 99? of steady-state during the first burn cycle. 

Determined more by thermal equilibrium requirements than 
tritium recovery considerations. 

5-230 



I-week 
200 

I-month I-year 4-year 

1.0 
TIME", mwy/m41 

Figure 5.3.3-1. Influence of maximum temperature achieved during each 
burn cycle on the tritium inventory fo; a constant 
minimun temperature of 350°C. I s s refers to the 
inventory for the reference case of the LlAlC^/HjO/ 
Be/HT-9 blanket with T, rain = 350°C and 1 ^ * 1000°C. 

5-239 



5 .3 .4 Structural Mechanics 

5.3 .4.1 Introd ctlon 
In the structural analysis of the reference blankets In Section 5.2.4, 

the basic data and models was described and the important features 
Identified. In this section, the significant factors In structural mechanics 
are considered, and the corresponding requirements for scaled testing deter
mined where possible. 

The scaled teBt •">ndltlons necessary to evaluate beginnlng-of-life (BOL) 
behavior are primarily constrained by changes In Lne heat source (surface or 
volumetric), leading to possible changes in the temperature distribution, and 
by test volume limitations. The ability to address end-of-life (EOL) concerns 
Is additionally constrained by fluence and time (operating or pulsed) limita
tions. Each scaled test constraint is considered separately. 

5.3.4 .2 Scaling of Steady-State Thermo-Elastlc Behavior 
Consider the general structural field equations:^1' 

8a 
3™^+ pF̂^ = 0 equilibrium (5.3.4-la) 

a l j " TT^T 6 i j + <l+i»)0-2v) < e l l + e 2 2 + e 3 3 ) 6 i j " a f e v l " " i j 

s t ress-strain (5.3.4-lb) 

. 3u, 9ua 

£., = Y (T + - J ) strain-displacement (5.3.4-lc) 

where Oj* is the stress tensor; p Is density; F̂  is a body force; E and \> are 
elastic constants; a is the thermal expansion coefficient; and u, is the 
displacement vector. 

The stress Inside a given volume Is dependent on the surface boundary 
conditions. Consider an arbitrary surface whose boundary condition at each 
point is one of three possibilities: 

ul " 'ul^bc prescribed displacement (5.3.4-2a) 
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3u. 3u. 
-r-i - [ y ^ ] b prescribed strain (5.3.4-2b) 

a.,n, =» p. prescribed pressure or traction (5.3.4-2c) 

where _n_ is the outward surface normal vector and _p_ Is the applied pressure or 
traction force. 

Suppose that uAx.) Is the unique solution1 ^ of Eq.(5.3.4-1) and its 
boundary conditions, Eq.(5.3.4-2), and consider the effects of a linear 
scaling in all dimensions: _x_* = c _x_ where c Is some scaling factor, and * 
denotes scaled conditions. Assume that the boundary conditions and body 
forces are scaled also as 

f"i C xplbc = c [ ui ( xj ) ]bc (5.3.4-3a) 
3u'(x') Su.<x.) 

t - fcHe - r-ir^ibc f5-3-4-3b) 

p|(xj) = P l ( X j ) (5.3.4-3c) 

T^(x!) - T^x.) (5.3.4-3d) 

F^(x') = c Ft(x.) (5.3.4-3e) 

Then the solution to the scaled problem is given by a' (x/) • a. i^x^ a n ^ 
u'(x') = c u (K ) - i.e., same stress distribution and linearly scaled 

displacemer.es. This can eaclly be verified by substitution into Eq.(5.3.4-1) 
and its boundary conditions. 

In summary, linear thermoelastic stress distributions are exactly scaled 
if: 1) all dimensions are proportionally changed; 2) the temperature and 
pressure distributions are not changed; and 3) body forces and externally 
Imposed displacements are scaled; and 4) strain boundary conditions are not 
changed. 

5.3.4.3 FirBt Wall Structural Behavior 

The structural behavior of the first wall is determined by thermal and 
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pressure stresses at startup, by transient magnetic loads during operation, 
and by lifetime related effects including radiation damage, plaatlc behavior, 
cycling and corrosion. 

Thermal effects Previous calculations in Section 5.2.A have shown the nature 
of the first wall pressure and thermal stresses at the beglnning-of-life. The 
peak combined stresses in the I^O/HjO/PCA/Be tokamak design are about +300 
MPa (Fig. 5.3.4-la) and locally exceed the high temperature, high irradiation 
3 S m t guidelines. ^ The addition of grooves to the first wall will shift the 
peak stress location inward to colder and stronger material, but raises 
questions regarding stress concentration and crack initiation. In this 
analysis, only the ungrooved first wall is considered. It is clear, however, 
that thermal plus pressure stresses are very significant in first wall design 
and should be preserved undsr scaled conditions. 

Simple estimates of thermal stress imply that if the AT across the 
structure is preserved, then the magnitude or range of the thermal stresses, 
o . ~ Eot&T, is also preserved. Corresponding simple estimates of tangential 
stresses in the first wall surface layer are o£ ~ Vc(&ec/dfw^ <* n e t o 

pressure bending stresses in the first wall; or radial stresses in the suppor
ting channels of a f g ~ P c(df c/ df e>» where p c la the coolant pressure, d ^ is 
the first wall thickness, dj c is the coolant channel diameter and d- is the 
support channel thickness. These Imply that gross pressure stresses are also 
preserved if the pressure and geometric aspect ratios are unchanged. More 
careful consideration basec on the theoretical analysis presented in Section 
5.3.4.1 confirm these conclusions if certain additional conditions are aet. 

If the heat source is reduced from reactor conditions, the temperature 
profile will change (see Fig, 5.3.2-1), leading to much reduced thermal 
stresses and a change in the overall first wall stress distribution. One 
method of preserving the temperature is to increase the first wall thickness 
as the heat source drops. The effectiveness of this approach is discussed in • 
Section 5.3.2, but it appears possible to retain gross features of the temper
ature distribution (average and extreme values) over some range in heat source 
conditions. 

It may be important to determine where appreciable deviations in stress 
distribution occur due to the inability to exactly preserve the temperature 
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Figure 5.3.4-1 First wall thermal plus pressure stress profile in the 
Li20/He/HT-9 first wall: (a) reference reactor; and (b) 
scaled test conditions corresponding to x5 decrease in 
surface and volumetric heating. 
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profile In the lobed first wall under changed heat source conditions. In Fig. 
5.3,4-1, the calculated thermal and stress profile is shown for the L^O/He-
/HT-9 tokamak firBt wall under reference conditions and under scaled condi
tions corresponding to a drop in surface and volumetric heating by a factor of 
five (I.e., dimensions increased x3.8, coolant velocity decreased by x3.8, as 
discussed In Section 5,3.2). The corresponding deviations In temperature 
profile are given in Section 5.3.2.2. The stress f.; of lies are similar in 
shape, as may be expected, but are appreciably different in magnitude. Since 
thermal stresses are sufficiently high as to be a major design concern, they 
must be closely preserved for a useful scaled structural test module, leading 
to limits on the tolerable deviation In first wall temperature distribution. 
Although there Is no exact boundary, If the example just given Is considered 
as "too different", then this Implies a minimum neutron wall load of 1 MW/m . 

First wall size effects As the heat source is reduced, it Is possible to 
increase dimensions, maintain pressures and maintain geometric aspect ratios, 
and thus preserve the thermal and pressure stresses in the scaled test within 
certain bounds related to the temperature distribution. However, while this 
may mean that 2 x 2 mm tokamak coolant channels become, say, 8 x 8 mm as the 
total heat source is reduced a factor of five, it also implies that the module 
first wall width changes fcom 0.3 m to 1.2 m. this size scaling may be 
limited by the available space in the test facility. 

Consequently, it is worth considering the significance of not increasing 
the first wall lobe radius (or module half-width) on the thermal and pressure 
stress distributions, even if all other dimensions and boundary conditions are 
correctly scaled and assuming that the temperature distribution is exactly 
preserved. In fact, the characteristic tT'e considered in Section 5.3.2 imply 
that the first wall lobe radius might be independently changed and still 
essentially preserve the overall temperature distribution. 

Based on the finite element model described in Section 5.2.4 and the 
Li20/He/HT-9 tokamak first wall, Figure 5.3.4-2a shows the effect of increas
ing all dimensions by a factor of three, except the first wall radius. 
Compared to the reference blanket, the general shape of the stress distribu
tion is retained, but the peak stresses are substantially larger, particularly 
In compression. 
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Figure 5,3.4-2b also shows the effect on the overall stress profile if 
the back wall Is thickened fron 0.3 to 3 mm, under toicamak reactor heat source 
conditions. Since this places the mass-averaged first vail temperature closer 
to the colder back wall, the overall effect Is to make the stress distribution 
more compressive. this again illustrates the importance of retaining geo
metric aspect ratios for preserving the overall stress distribution. 

To translate this size constraint into test device requirements, it is 
necessary to estimate the amount of stress discrepancy between the reference 
stress distribution and that under the scaled teat conditions. Assume that 
temperatures are exactly preserved by thickening the first wall dimensions 
(discussed in detail in Section 5.3.2), and that all other structural scaling 
conditions are met except that tha first wall lobe radius will be independent
ly varied. Figure 5.3.4-2a illustrates the resulting stresses for an increase 
In first wall thickness by three. 

Comparing with the reference stresses, Fig. 5.3.4-la, it is desirable to 
have some measure or margin factor, M, that quantifies the difference between 
the two distributions, and thus the "usefulness" of the scaled test for 
thermal and pressure stress behaviour. Ope estimate, for example, is the 
root-mean-squared deviation over the entire sttess distribution. However, 
since "usefulness" cannot be rigorously defined, a simpler but nore qualita
tive judgement of M Is made here that is based on the average magnitude of the 
change in stresses at the extreme points, expressed as a multiplicative 
factor. Thus, the stress profile in Fig. 5.3,4--2a Is estimated as M ** 2 * 1 . 

Evaluating gone other cases, the resulting estimate of the effect of 
varying the lobe radius relative to other first wall dimensions ha» the 
general shape shown in Fig. 5.3.4-3. For example, supposs test volume con
straints limit the width of the test module to 1.2 a, or a factor of 4 in
crease in first wall lobe radius. Suppose also that a deviation of about SOX 
(I.e., M ~ 1.5) in thermal plug pressure stresses Is the maximum acceptable 
for the scaled test. Then the maximum Increase in general first wall dimen
sions Is 6. This corresponds to a limit in overall heat source reduction by a 
factor of 8.4 from reference tokamak conditions, although the exact limit 
depends on the relative reduction in surface and volumetric contributions (see 
Fig. 5.3.2-2). 

The first wall axial length also affects the required test volume. It 
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nay be Important to simulate the Interaction between the curved first wall 
membrane and the supporting endplates. For example, the latter may be design
ed to be rigid and resist the first wall thermal expansion. This problem was 
not analyzed here, but It Is anticipated that the thickness of the end plates 
may be modified to preserve the relative "stiffnesses" of the first wall and 
end plates. 

Radiation effects Although no detailed calculations were performed, the 
Impact of neutron irradiation over time is expected to be substantial, with 
irradiation creep, swelling and general property changes. 

From simple models described In Section 5.2.4, the rate of cr^cp relaxa
tion of stresses Is about T ~ 1/EA r or about 2 dpa for fTT-9 and PCA. Since 
blanket modules are expected to operate for much longer periods (~ 1 yr or 60 
dpa, allowing only for annual maintenance), the stresses should normally be 
completely relaxed to their steady-state values. Of course, during shutdown, 
these stresses will reappear with inverted signs. The ability to conduct 
tests into this regime would be desirable. 

While creep is certainly Important, the influence of swelling is not as 
clear since present data are consistent with very low swelling rates of HT-9 
and PCA to over 100 dpa. If materials testing confirms this, and if component 
lifetime Is expected to be limited by the onset of breakaway swelling, or 
before it by other concerns such as surface erosion, then swelling will not be 
Important until test nodules exceed the breakaway fluence. 

A more Immediate concern for scaled tests is with the variation In 
radiation effects (flux and fluence) across the component. With 5 cm attenua
tion lengths for dpa production, for example, there is little variation across 
the I cm tokamak composite first walls. However, in a scaled test with, say, 
a 5 cm thick first wall (to preserve the temperature dlstrtl ..Ion under a 
reduced heat source), the attenuation is very significant. Assuming creep and 
swelling are proportional to tl i fluence, then the back of the composite first 
wall would receive about 40% less fluence than the front surface, leading to 
nontypical stress distribution and relaxation. 

Pulsing effects While commercial reactor blankets are expected to be vir
tually steady-state, scaled testu may be performed in pulsed test facilities. 

5-248 



The presence of pulsing raises structural concerns regarding crack Initia
tion, crack growth and thermal ratchetting, for example* Such testing would 
bring out some aspects of reference blanket behavior since some cycling Is 
expected anyway. However, there will be differences due to the different 
points In the component lifetime at which the cycling occurs {Fig. 5.3.4-4). 
For example, the actual component would likely cycle In the creep-relaxed 
stress state, recovering the high Initial stresses but with reversed signs. 
The test module, however, night cycle even during the stress relaxation 
tine. Thus, while the alternating stress magnitude would be preserved, the 
average stres3 and the sense of compression versus tension would not be, 
leading to potentially different failures. 

There are additional concerns that long dwell times could also lead to 
stress redistribution. Since this would depend on the dwell temperatures, it 
might be desirable to cool the component enough to "freeze" the stress state, 
although not so much as to add additional stresses or approach embrittlenient. 

Furthermore, the general scaling of dimensions to preserve temperatures 
and overall stresses may not preserve local stress concentrations, crack 
growth, buckling or fatigue behavior. These are certainly significant, but 
have not been analyzed. 

5.3.4.4 Breeder Region Structural Behavior 

The two primary structural mechanics concerns in the breeder region are 
the breeder/structure interaction leading to breach or distortion of the 
structure, and internal breeder structural changes from internal or external 
forces. In both cases, a primary factor is the temperature profile since it 
generates the thermal expansion driving force at startup (no time for creep 
relaxation), and since it is a strong influence on many processes (including 
swelling, creep and sintering) that change microstructure or forces. 

Thermal and size effects In Section 5.2.4.2, the dependence of thermal, 
swelling and creep stress on temperature and flux was shown for a simple 
geometry. If the temperature and flux profile is preserved, then these 
stresses are also preserved. In Section 5.3.4.2, it is also shown that linear 
thermo-elastlc stresses (e.g., thermal and pressure) can also be preserved in 
arbitrary geometries if the temperature, body forces and boundary conditions 
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are scaled appropriately with the geometry. Consequently, a primary breeder 
testing requirement Is to maintain temperature profiles. 

In Section 5.3.2, the ability to maintain the breeder temperature profile 
was discussed in some detail. The test requirements determined there are 
directly relevant to the solid breeder structural behavior. Specifically, if 
the heating rate profile is similar but the magnitude changed due to reduced 
neutron wall loading, then the steady-state temperature distribution can be 
preserved by reasonable Increases In the breeder dimensions. If the device is 
pulsed, the need to preserve the temperature profile for the solid breeder 
structural behavior leads to requirements on the burn and dwell times. 

Radiation effects Equation 5.2.4-14 indicates that the time scale for creep 
relaxation is x ~ 1/EA„_, where A „ is a fraction of flux and temperature, cr i-r L 1 

Furthermore, the steady-state stress level B g w/A c r is also related to the 
flux. The creep rate is not known for solid breeder materials. As a very 
rough guide, T IS about 2 dpa (~ 300 hrs under fusion reactor conditions) -
for many nuclear structural alloys, and on the order of 10-100 hrs (under LWR 
conditions) for U0 2 below 1100 K.^3' It would be desirable to expose the 
breeder region to similar fluencee in order to see the steady-state stress 
levels resulting from the interaction of creep relaxation, swelling (see also 
Fig. 5.2.4-7), and interaction between solid breeder and clad. There are many 
other fluence related effects will Influence the breeder mechanical 
behavior. Some of these are further discussed in Chapter 8 with respect to 
fluence goals for the test module. 

Pulsing effects Time-dependent and pulsing related effects on the breeder 
region structural behaviour have not been treated other than In the discussion 
on preserving temperatures under pulsing (Section 5.3.2.2), They will cer
tainly be Important. For example, transient thermal gradients during handling 
or startup may be a primary factor in the cracking of Bolid breeder pellets. 
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5.3.4.5 Summary 

Preserving stress distributions la scaled tests of solid breeuer blanket 
modules leads to several test requireaents. For general therrooelaatleity, 
maintaining temperature distribution and coolant pressure, and scaling all 
dimensions and body forces leads to preserved stresses and proportional 
displacements• If dimensions are Increased, however, to compensate for a 
reduced heat source and preserve the temperatures, then several factors become 
limiting - the overall size of the blanket may become too large, or the 
variation in radiation effects through the blanket may be changed due to 
increased attenuation. Furthermore, it is not possible to exactly preserve 
the temperature distribution under scaled test conditions and the temperature 
deviations lead to corresponding deviations in the stresses. Radiation 
effects in general suggest a minimum fluence goal for the first wall of 5 dpa 
in order to achieve the creep-relaxed stress state. 

A number of phenomena were not considered here in detail, but are probab
ly significant. The primary concerns are fluence and pulsing effects in the 
solid breeder mechanical behaviour, the breeder/structure interaction, and 
crack growth in the first wall. 

References for Section 5.3.4 
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5.4 Teat Module Design 

5.4.1 Introduction 

In the previous sections, solid breeder blankets were analyzed to deter
mine the Important phenomena under reactor conditions, and to identify scaled 
teBt methods and requirements in order to reproduce the reference component 
behavior. However, these considerations were based on particular analyses of 
blanket behavior, while an actual integrated test must combine all aspects of 
blanket performance. In this section, the basic design of a blanket test 
module is considered in order to bring out conflicts and identify the charac
teristics of a scaled test module. 

5.4.2 Parametric Test Module Design 

It is useful to consider these integrated aspects of scaled testing in 
the context of a test module design. Here, the basic features of an Integrat
ed test module are considered parametrlcally under arbitrary test facility 
conditions of surface heating, volumetric heating, tritium generation and test 
volume. 

The basic blanket parameters - the independent variables - are given In 
Table 5.4-1, along with typical values in the reference blankets. These 
include device-related parameters such as surface heat flux or test module 
length that are presumed to be specified independently by the test facility 
design. They also lnclide blanket-specific parameters such as first wall 
thickness or purge flow rate that could be changed If needed to preserve some 
desirable feature of an operating blanket. The list is certainly not com
plete, but does contain the most useful variables. For example, altering the 
grain size of the solid breeder is a possible vay to help control tritium 
levels. However, it ir not clear that this would be useful since grains will 
grow under typical breeder conditions, particularly In Li 20, and the effects 
of grain size on tritium and helium transport are not entirely understood. 

In Table 5.4~2, the blanket conditions of interest - the dependent 
variables - are given. Also shown are simplified equations relating these 
parameters to the independent variables of Table 5.4-1 that are approximately 
correct under reference steady-state conditions, at least. These relations 
are described in or Inferred from the appropriate part of Section 5.2. These 
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blanket conditions /are not a complete set. Many Important phenomena related 
to radiation damage or breeder/clad mechanical interaction, for example, are 
not shown. However, the basic characteristics of the temperature, stress 
(pressure and thermal), flow and tritium distributions are present. 

The process of developing a parametric test module design is to take 
these conditions, with their models, and vary the Independent variables to 
preserve the blanket conditions as device parameters change. Specifically: 
CI) determine which conditions are more important in order to handle any 
conflicts; (2) starting with the most important blanket conditions, deter
mine how to vary any independent variables wit. device parameter so as to 
preserve these conditions; (3) Iterate as necessary when conflicts are 
Identified, trying different independent variables where possible or balancing 
among the importance of the conditions. The results of two particular analy
ses are given in Table 5.4-2. The "look-alike" module does not change any 
dimensions - only flow iniet conditions are allowed to vary. The "act-alike" 
allows any independent variable from Table 5.4-1 to change in order to have 
the test module behave like the full component. 

For example, the temperature profile in the first wall region is impor
tant for thermal stress, creep, tritium permeation, material properties, and 
radiation effects. This 3-D profile cannot be completely characterized by a 
few variables, but certainly key parts include the temperature rise across the 
first wall surface, ATj H, the coolant film rise, AT,... , the coolant bulk 
temperature rise, AT . and the coolant inlet temperature, I., . For 
most phenomena, it is important to maintain average temperatures at reactor 
conditions, but for stresses It is more important to maintain ATf . For some 
phenomena such as permeation, vT* might also be significant. 

Consider the first wall temperature rise first. If surface heating is 
dominant, then ATf ~ <lsdf„. Since surface heating is an independent device 
parameter, it is allowed to vary freely. Thus, if the first wall thickness is 
fixed In the test module, AT« will decrease whenever the surface heat is 
decreased. In a test device with low surface heating, such a "look-alike" 
first wall would not preserve AT* , an.* thus not maintain thermal stresses, 
among other phenomena. 

On the other hand, if the first wall thickness d f w is varied to suit the 
available surface heating, then it Is possible to preserve ATf . This has 
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been done In the "act-alike" scaling shown In Table 5.4-3. However, although 
this maintains iTr , note that d f„ id now a constrained variable and la not 
free to be used to preserve other phenomena. 

In tokamaks, the assumption of surface heating dominance is true within 
20%, although In mirrors or test devices, bulk heating may be equally or more 
Important. If surface heating is not dominant, then a mere exact expression 
must be used for AT, including the bulk heating contribution. This will lead 
to a more complex expression for the act-alike scaling of d^, as a function of 
q and 6 , but will not change the approach or conclusions. 

0 8 The film temperature rise is given by 4T,.. ~ q /(Aj ) " based on a 
Dittus-Boelter heat transfer coefficient, and m" ~ p U. Is the mass 

* fw Kc fw 
flux, p Is the coolant density, and U ^ is the first wall coolant velocity. 
Preserving AT f,^ m under varied qg Implies controlling the mass flux such 
that &" ~ l/qj3'2 ( only one significant digit Is retained In this rw s 

scaling). Finally, maintaining A T coolant P*-ace8 a requirement on the 
ratio Rfw/dc_ since m" Is already constrained. 

However, from flow conditions 26 characterized by the Reynold's number, 
and the thermal and pressure stresses in the first wall, there are additional 
requirements on dj , the coolant pressure p , the overall geometric ratios, 
and on the first wall lobe radius Rf„- A plausible approach to maintaining 
all these first wall conditions is to vary the first wall thickness and mass 
flow rate to maintain AT~ and AT,j. , t o preserve geometric aspect ratios and 
to maintain the coolant pressure. Then, within the accuracy of the parametric 
relations used, thei.e key conditions are maintained under test device condi
tions. Note that AT , and Rej w are not exactly preserved, but are at 
worst slowly varying functions of the surface heating. 

Again, It is emphasized that the parameters considered here do not fully 
characterize the first wall temperature, stress and flow conditions, and 
furthermore the parametric relations used may be approximate. More exact 
analyses of the effects of scaling on first wall stresses and temperatures 
were given in Section 5.3. Nonetheless, the Important point is that the first 
wall temperature distribution, thermal and pressure stress distribution, and 
flow regime can be approximately maintained in a test device under reduced 
heat source conditions with little conflict between the scaled variables. 
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This line of thinking is not yet complete since the breeder region still 
must be considered. The' temperature distribution is very important for 
tritium transport, thermal stresses, tritium permeation, creep, material 
properties, sintering, mass transfer, radiation effects. As In the first 
wall, it is desirable to preserve T* and St in each region. The breeder 
temperature gradient V T ^ might be important for some unknown processes, but 
apparently not on the basis of known phenomena. The clad AT was neglected as 
a small and well-understood contribution. The gap AT is, however, important 
but poorly understood. As shown here, the gap heat transfer coefficient is 
assumed dominated by the contact pressure between solid breeder and clad or 
structure. In the ductile clad Li-O/He/hT-0 design, this pressure should be 
dominated by the coolant pressure, while in the stiffer M.A102/Be/R2O/PCA 
blanket, the pressure is probably more related to the thermal expansion of the 
solid breeder. Flow conditions are again represented by the Reynold's number, 
while structural behavior is dominated initially by thermal stresses. Radia
tion effects and the breeder/structure interaction are very important, hut ate 
difficult to model. 

Under "look-alike" conditions where dimensions are not changed (although 
flow rate might be), the temperature distribution and thermal stresses are not 
•maintained if the volumetric heating changes. Under the '"act-alike" approach, 
the steady-state temperature distribution (average and temperature rise in 
each region) can be approximately preserved as shown. TL key looses are the 
gap AT (an appreciable loss, but not really controllable since it is not well-
modelled), the breeder VT, (not believed Important for any known processes-
under breeder conditions, but potentially significant), and the bulk 
coolant iT (a small contributor to the overall temperature profile). 

The scaled test should preserve the tritium inventory distribution, 
including its contributions from the various breeder regions and transport 
processes in order to preserve concentration-dependent processes. The leading 
variables to preserve tritium concentrations are the temperature profile, 
tritium generation rate, breeder structure (porosity, grain size) and purge 
conditions. The temperature can be approximately maintained as already 
discussed, tritium generation ia considered a device parameter, and the 
breeder mlcrostructure influence is too poorly understood to be a useful 
variable, so the only remaining controls are related to the purge flow. These 

5-256 



can be used as shown (Table 5.4-1) to maintain the tritium levels in the porea 
(and thus the soluble Inventory) and In the purge strean itself, but there are 
no useful controls on the diffusive tritium concentration. This Is a major 
contributor to overall inventory and, while the basic diffusive process Is 
retained, any concentration effects would not be (e.g., local deviations fron 
assumed l^O thermochemistry due to high concentrations of free oxygen). The 
influence of surface adsorption Is also not well-understood and so difficult 
to maintain, although preserving temperatures, tritium vapor pressures, and 
surface microstructure (pore ai2e, grain size) should help. 

Since the test facility may be pulsed or have a shorter operating time 
than a reactor, It Is useful to consider how the various process time con
stants were affected by the scaling. In general, thermal and flow related 
time constants are retained under "look-alike" scaling (they are dominated by 
dimensions), but not under "act-alike" scaling. Tritium time constants are 
functions of temperature and dimensions. Interestingly, the diffusive 
response time - usually the controlling time - is maintained, even though the 
diffusive inventory is not. 

5.4.3 Summary 

Within the range of independent variables available - primarily dimen
sions and flow parameters - the ability of a scaled test to preserve basic 
blanket features was considered. Two basic options were evaluated: (1) a 
"look-alike" test module where all dimensions are fixed at the reference 
design values, and (2) an "act-alike" test module that varied any plausible 
design parameter. The intent was to preserve the basic temperature, stress, 
tritium and flow distributions. 

The analysis was based on simple parametric relations, and did not 
consider 6ome important behavior in detail. These include creep (although 
temperature and initial stresses are considered), radiation or fluence effects 
(again, temperatures were considered), specific failure modes such as crack 
growth (geometry, temperature and overall stress levels were considered), 
mechanical interactions related to the solid breeder (external pressures, 
Internal expansion, internal structure and temperature were considered), 
interactive effects on tritium recovery (temperature and geometry were consi
dered), safety issues (tritium inventory, temperature and time constants were 
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considered), and magnetic field effects. 

The results indicate thet a number of Important operational features 
related to temperature, thermal and pressure stresses, tritium inventory and 
flow conditions can be simultaneously maintained in a scaled blanket test 
module (within the accuracy of the parametric relations used). An approximate 
test module design may be obtained from Table 5.4-2 by evaluating the scaling 
factors for the particular device parameters of Interest. 

This analysis also does not indicate any fundamental conflicts between 
the first vail and the breeder scaling methods considered. There are, how
ever, limits on the usefulness of scaled testing due to fundamental conflicts 
between, for example, preserving temperature distributions and reducing the 
test module time constants or size under reduced heat source conditions. It 
is also expected that not all features of the temperature profile can general
ly be maintained; some because of fundamental difficulties 
(e.g., AT versus VT ), some because the basic models needed to derive scaling 
methods are not well—known (e.g.. ST ), and some because there are other 

gap 
more important conditions that required the extra degree of freedom. It will 
also be difficult to adjust the diffusive tritium concentrations to maintain 
reactor levels unless the neutron flux or lithium enrichment can be altered. 

Finally, transient behaviour of the test module will net be similar to the 
reference blanket in the scaled tests considered here (which emphasized 
steady-state similarity) since the various time constants do not in general 
scale proportionally to each other. 
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Table 5.4-1 Solid Breeder Blanket and Device Independent Variables 
+ Parameter Li 20/LiA10 2 

Blankets 
Test Module 

Look-alike" "Act-alike" 

Surface heat flux, q g 

Volumetric heating, Q v 

Tritium production rate, G 

First wall lobe radius, R ^ 

Blanket axial length, L ^ 

Breeder radial depth, L b r 

Coolant inlet, T f l n 

Coolant pressure, p c 

First wall velocity, U j w 

(iS; = p l l ( ) tw c rw 
First wall thickness,d^w 

FW coolant diameter, d f 

FU rib thickness d f s 

Breeder inlet, T b l n 

Breeder pressure, p b 

Breeder velocity, tlj,r (m" ~ p 0. ) br c br 
Breeder thickness, d ^ 

Breeder channel diameter, d^c 

Purge pressure, p„ 

Purge channel spacing, t, 

Channel purge flow rate, V 

Purge channel diameter, d 

1/1 HW/m 2 

50/50 HW/ra3 

10 1 9 T/s-m3 

0.15 m 

2 m 

0.6/0.5 m 

275/280 C 

5.Z/15.2 MPa 

60/3 m/s 

3.5/5.5 mm 

1 .8/3»8 mm 

1.0/1.3 ram 

334/280 C 

5.1/15.2 MPa 

20/5 m/s 

1.1/0.5 cm 

0,1/1 cm 

0.1/0.1 MPa 

0.8/2 cm 

10" 4 E> 3/S 

1.5/6 mm 

"s* 

G* 

1 

Lbl* 

f(q 3) 

1 

1 

! 

1 

f(q 6) 

1 

1 

ov* 
G 

^bi* 

Lbr* 

n I' 2 

"s 

l/<3s 

^s 

l/q8 

1 

I 
„ 0.6 

l/Q. 

1/0. 

0.5 
0.6 

f(Q v >/G 1 

"Hi 1 

G 

G 

* Independent variables 
If parameter X has scaling Y, then X, JK = Tf„ ,/i. " -"«""^= -- - — — f t •. -•->• "test'"reactor 'test''reactor 
A scaling identified as f(Z) indicates a complex but strong 
dependence on Z. 

5-259 



Table 5 . 4 - 2 S o l i d Breeder Blanket Condit ions and Phenomena 

Paraneter 
Parametric 

S c a l i n g 
Test Module 

"Look-alike" "Act -a l ike" 

(X fw 

J f s 

u fw 

AT breeder 

vr-breeder 

AT, 

AT, 

gap 

f i lm 

A T coolant 

R e b r 

" d i f f u s i o n 

" s o l u b i l i t y 

"pore 

purge 
t c , f w 

t t h , f w 

C c , b r 

C t h . b r 

d i f f u s i o n 

a o l u M l i t y 

pore 

purge 

1BA s"Fw 

^ f t l n ^s fw 

^ c o o l a n t R. q A"I<J t 

fw'fl fW fC 
* e f v A! d, f w fw 

a t h f < A T fw, d fv ' ' R fw> 

P cCd f c/d f e) 

p c ( d f c / d f w > 2 

V 
2 
br 

^v br 

v br ^contact 

Q d. /m. v br br 

Q d. /tS" d ^v br br c 

T>r be 

AT breeder 

G f (T) 

"W1* 
i * . 2 d * Gp /T* + n br r p purge 

G" S A r L A 
R f>Av 
d f v o r d f „ / o , f W 

< L b l o t W 0 b r 
. 2 4 #•« 0.8 

f<T) 

f<Vre> T> 

VV* 2 

V / d 2 

P P 

% 1 

% 1 

% I 

1 <l 

« « • > I 

1 I 

1 I 

^v I 

% <^ 

f«U 4, 

f ( Q v ) 

1/0, 
0.2 

0.2 

0 . 5 

0 .5 

0 .5 

G/Q y + 1 

2.2 

< L b l or I) a b l or L ^ ) / ^ 0 .6 

1 >'% 

H%y l 

f<Qv)/<? l/G 

i /d *'** 
i » \ 
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5.5 Engineering Scaling 

5.5.1 Introduction 

At the Integrated testing stage in the development of blanket technology, 
enough prior testing should have been done to provid-2 basic property data and 
to identify phenomena. The purpose of these tests is to quantify interac
tions, demonstrate the concept, and check for and determine the significance 
of "unknowns". This verification process is difficult under scaled test con
ditions. If the blanket is not changed, it will behave differently and so not 
verify the full operation. On Che other hand, if the blanket is modified to 
preserve the operating features, th«n it is not the actcal component that is 
truly verified, but the scaled test module. Engineering scaling is the pro
cess of determining how to do the test while minimizing these concerns. 

As considered in the previous sections, solid breeder blankets were 
analyzed to determine the Important blanket conditions and phenomena under 
reference reactor conditions, to identify blanket modifications that reproduc
ed specific aspects of reference component behavior, and Co determine Che 
limits of usefulness of these modifications. In this section, the overall 
test requirements and limits of usefulness for interactive and Integrated 
testing, based on the limited analyses described here, are summarized. 

5.5.2 Test Requirements for the "Unknowns" 

A prime functi< of the integrated stage of blanket development Is to 
Identify any remaining unknowns. It is thus desirable to determine the test 
requirements for the scaled test such that it will demonstrate all the un
knowns that the full component would. However, it Is Inherent in the defini
tion of the "unknowns" that they cannot be easily classified and tested. The 
only definitive resolution of unknowns is through cumulative experience 
operating the component in norcal service. 

A useful step, though, may be to consider the characteristics of unknowns 
brought out by integrated tests. Unknowns may be characterized by whether the 
effects are basically unexpected, or whether they represent phenomena that 
had been identified as of concern but as being essentially non-calculable. 
This la the "unknown unknown" and "known unknown" distinction. For example, 
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the pressure drop across the blanket Is not precisely known because the 
complex geometry makes accurately solving the Navier-Stok.es equations Imprac
ticable. There nay be bounding estimates with small or large uncertainties, 
but actual measurements of the pressure drop will be required to determine 
this design parameter. 

Within these categories, three further distinctions may be Identified: 
• synergistic effects from multiple environmental conditions; 
• physical interactions between different regions; 
• local phenomena. 
The first type is brought out when all the environmental conditions are 

put together. While the environmental conditions themselves need not interact 
directly, their effects may be enhanced when other environmental conditions 
are present. For example, bulk haatlng of the breeder will raise its tempera
ture and cause thermal creep, however until a test with both temperature and 
neutron irradiation is made, the much faster radiation-enhanced creep would 
not be observed. 

The second type is identified when multiple physical regions are put 
together. For example, tests on the front part of the breeder would miss 
interactions between tha hot, high fluence front breeder and the colder, low 
fluence back breeder. Or single channel tests will miss flow instabilities 
and redistribution that occur with multiple channels. 

The third type consists of local, non-interactive phenomena. For exaa-
ple, at high pressures, tritium permeation appears to be controlled by disso
ciation and atomic diffusion. However, while high pressures may conveniently 
speed up permeation tests, permeation may actually be controlled by different 
processes (chemlsorptlon, molecular diffusion?) at the very low tritium 
pattlal pressures relevant to fusion blankets {10 - 10 Pa T,). 

The general nature of the test requirements can be estimated based on 
this structuring of the unknowns. First, any "known unknown" is at least 
partially tested by trying to reproduce or retain the phenomena under the 
relevant reactor-like conditions. The degree to which the phenomena Is 
"known" allows an assessment of the Important conditions that need to be 
reproduced. This leads to many of the test requirements identified in earlier 
sections. These unknowns often depend on the complexities of the blanket and 
its processes, which should consequently be retained in the test module. 
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Secondly, "unknown unknowns" suggeBt other general test requirements. 
The firBt requirement 1B to maintain as many environmental conditions as 
possible. Exactly which conditions is hard to say a priori, but at a minimum 
certain basic operational features that are potential energy sources, and thus 
able to "activate" phenomena, should be present. These should specifically 
Include thermal (temperature, radiation), mechanical (stress, flow, radia
tion), chemical (tritium) and electromagnetic (magnetic field) energy 
sources. The second class of unknowns require the test module to include all 
blanket regions - multiple channels, first wall, breeder and inlet/exit 
manifolds. The final class of unknowns are based on individual regions or 
conditions, and should also be largely Included if the various environmental 
conditions and physical regions are present. 

5.5,3 Test Device Requirements 

The device parameters with a strong Influence on test module conditions 
and on the test device cost can be gr mped into the six categories of he«t 
source, neutron radiation, operating time, test volume, device geometry and 
magnetic field. 

The behavior or response of the solid breeder blanket to these test 
device parameters can be grouped into roughly five categories also (as in the 
analyses in Section 5.2 and 5.3): 

- neutror.ic behavior; 
- thermal behavior; 
- flow and corrosion behavior; 
- tritium behavior; 
- structural behavior. 

Table 5.5-1 shows some blanket responses to the device parameters. Clearly, 
each device parameter has many effects. Furthermore, the direct blanket 
response to the device environment can in turn influence further blanket 
boha\ior. For example, the structural response due to neutron-Induced 
swelling may lead to blocking of the tritium purge channels. 

It has not been possible to analyze this full complexity of blanket 
behavior and determine whether the tests can reproduce ill these interactions 
under scaled conditions. However, a wide range of important issues were 
considered, and it is unlikely that consideration of other effects will make 
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the test requirements any less stringent* Thus the present results may be 
interpretted as, If anything, optimistic regarding the scaled test usefulness. 

The test requirements as identified here are summarized and discussed 
below. It is convenient to consider them in terms of the fiv^ classes of test 
device parameters: heat source, neutron radiation, operating time, test 
volume, device geometry and magnetic field. 

5.5.3.1 Heat Source 

The fusion heat source Is directly related to the plasma size and power 
density, which In turn are direct cost drivers for the test device. Surface 
heating may be simulated with non-plasma sources such as charge-exchange from 
neutral beam injectors or electrically-heated radiative filaments. Volumetric 
heating may be supplemented with electric heaters or with the addition of 
fissile material into the breeder region. This analysis did not consider the 
usefulness of these supplemental heat sources. Rather, the intent was simply 
to derive the basic requirements or. the heat sources, whatever their origin. 

Surface heating and bulk heating Surface heating is related to the plasma 
radiation and charge particle flux, while bulk heating is related to the 
neutron wall load. These may be changed - particularly reduced - in a test 
facility. The primary effect is on the first wall and breeder temperatrue 
distribution, which in turn affect a number of phenomena. 

To retain the first wall temperature distribution under reduced heat 
source conditions, a plausible approach is to increase dimensions. By also 
varying the coolant flow rate, it Is possible to preserve the average and 
extreme temperatures in each region, within certain limits. The required 
increase in dimensions Is shown in Fig. 5.5-1 for one blanket, similar increa
ses are needed for the others. Ideally, all dimensions should be scaled by 
the same factor as the first wall thickness. If these changes are made, the 
temperature distribution will be approximately preserved, 

Mote that in a tokamak, the surface heating is most important. In fact, 
with no bulk heating - i.e., no neutrons - a very good simulation of the first 
wall temperature is possible down to very low surface heat fluxes. The 
presence of bulk heating substantially complicates the temperature scaling at. 
reduced heat source conditions since Increasing the thickness preferentially 
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increases the bulk heating contribution (it scales with thickness squared). 

Alternately, in mirrors it is bulk heating that dominates. In the 
absence of any surface heating, bulk heating can be cade to provide a reason
able temperature similation over a wide range of heating rates. However, 
while the test facility is likely to be lover in bulk heating than in a 
reactor, the surface heating may well be larger than in the mirror reactor. A 
tokamak test facility will naturally have a large surface heat flux, but even 
a mirror test facility may have appreciable surface heating due to charge-
exchange neutrons from the small, often beam-driven central cell plasma. If 
there is too much surface heating, it is similarly expected that the first 
wall temperature distribution will not be preserved. 

This balance between surface and bulk heating is shown in Fig. 5.5-2, 
illustrating the deBired heating regime for preserving the first wall tempera
ture profile for both tokamak and mirror first walls. This boundary, shown 
for three representative first wall designs, is basically the point at which 
the first wall makes the transition between bulk heating and surface heating 
dominated temperatures. It is difficult to preserve the temperatures beyond 
this transition since surface and bulk heating contribute differently to the 
various parts of temperature profile (e.g., first wall, film and bulk coolant 
temperature rise). 

The breeder region temperatures must also be controlled to reproduce the 
reactor conditions for tritium recovery and structural behavior. Under 
reduced neutron wall load, the bulk heating will decrease. The temperature 
may he maintained by increasing the breeder thickness. Some concerns related 
to changing the thicknesses in the breeder region are an increase in axial 
conduction, an increase in the variation In neutron heating across the unit 
cell, and enhanced neutron attenuation in the breeder due to increased struc
ture or coolant volume fractions. However, these were not found to present 
problems for scaled testing. For example, the heating rate changed by less 
than 10% changes for a 30OS increase in the structural volume fraction in the 
Liz0/He/HT-9 tokamak blanket. 

5.5.3.2 Neutron Radiation 

A. wide variety of effects occur in solid breeder or structural alloys 
under neutron irradiation. Some effects such as the creep and swelling rate 
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are directly related to the neutron flux, while others such as property 
changes are related to the cumulative fluence. Furthermore, many effects such 
as helium production are related to the neutron energy spectrum since the 
neutrons must be energetic enough to activate particular processes* 

No detailed analyses of fluence effects has been considered here, al
though many fluence-related effects for structural behavior (creep relaxation, 
property changes), tritium recovery (temperature changes due to thermal 
conductivity or gap conductance, LiOT formation) and solid breeder mechanical 
interaction issues would be observable by 1 - 4 MW-yr/m . 

However, fluence differences between blanket regions ware considered to 
some extent. In particular, Fig. 5.5-3 shows the neutron heating rate (and 
faster for radiation damage) attenuation through the first wall as a function 
of first wall thickness. Under reactor conditions, there is little attenua
tion in the first wall and the heating and damage rates within the first wall 
are uniform. As the thickness increases, the radiation effects or fluence 
profile changes In the first wall, and is reduced In magnitude in the 
breeder. From the first wall viewpoint, the change in fluence from front to 
back of the first wall - and thus the change in swelling and creep - can 
become structurally significant. From the breeder viewpoint, the thickened 
first wall represents an additional effective reduction in the neutron wall 
load. The effect may be enhanced with breeders such as I^O where the contri
bution of higher energy neutrons through the Li reaction Is important. 

5.5.3.3 Operating Time 

Present experiments have pulses that typically last for a few seconds, 
with very low overall availability (less than 12). Reactors, however, will 
run at essentially steady-state conditions, with operating times of several 
months and overall availabilities of 60% or so to be competitive with other 
centralized electric generating stations. Clearly, substantial improvements 
in device burn length and availability are necessary for commercialization. 
However, the need for long burn lengths and high aval labilities when testing 
blankets may not be so clear. Ideally, the test should be operated beyond any 
significant startup transients and allowed to settle into its long-terra 
operating mode. In practice, this might be achievable by single, long pulse 
burns. Or It might be reached by a series of sequential pulses lasting for 
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some sufficiently long period to reach quasi-equilibrium co-.dltions. This 
latter period is referred to as the Minimum Continuous Operating Time, HOOT. 

Burn/Dwell time The various thermal and flow time constants for the reference 
solid breeder blankets are much less than about one minute. For example, the 
tl20/He/HT-9 bleeder reaches 95% of equilibrium temperatures in about 45 s, 
while the time for the helium to flow through the entire module is only 0.3 
s. The back cells r" the LlAlOj/HjO blanket, however, may take up to 45 mln 
to achieve thermal equilibrium under reference conditions. These tias 
constants are largely controlled by the dimensions of the structure and 
breeder. Tritium equilibrium times, however, are very long, up to almost four 
years to reach 99Z of the final inventory In the LlA102/H2°/p*'*''Be* T h t I S a 

blanket module In a full reactor will quickly reach thermal equilibrium, but 
will slowly approach its final tritium conditions well into Its design life. 

Under scaled test conditions, there are two inneu'ate problems. First, 
the overall operating life of a test device is likely to be relatively short 
and limit the ability of a test module to reach tritium equilibrium. A more 
feasible goal is to reproduce the approach to equilibrium. 

Secondly, while a test device might reasonably achieve 60 s burns suit
able for thermal equilibrium under reactor conditions, this Is not necessarily 
sufficient time under general scaled test conditions. Typically, the dimen
sions of the module are increased to retain temperatures under reduced test 
facility heat source conditions. However, this increases the thermal time 
constants. Furthermore, if the pulses are relatively short, then an addition
al scaling of dimensions will be necessary to account for the pulsing effect 
on the average temperature profiles. These can quickly accumulate to make the 
thermal time constants very long. 

If the device is pulsed on tines short compared to these characteristic 
thermal response times, the blanket temperatures will oscillate as shown In 
Fig. 5.;.-4a for the LljO/He/HT-g breeder region. This will affect the mass-
uelghted and time-averaged temperature distribution - the "temperature den
sity" as shown in Fig. 5.5-4b. It may also add new effects related to fatigue 
and crack growth, thermal ratchettlng, permeation barrier degradation or a 
large number of transient related phenomena that would not be significant for 
the reference blankets. 
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Since the solid breeder (especially tritium recovery and structural 
behavior) is very sensitive to the operating temperature distribution (not 
juBt the average or extremes), as illustrated in Fig. 5.5-5, it provides a 
particularly strong constraint on device cycling. Pulsing generally leads to 
two temperature-related consequences: (1) a general shifting to colder 
temperatures; and (2) a spreading out of the temperature due to the time spent 
In the colder dwell part of the cycle. The former can be compensated, for 
example, by increasing the breeder thickness to boost the average power input 
into the breeder. The second can only be reduced by limiting the length of 
the dwell period. In particular, the breeder should not be allowed to fully 
cool down during the dwell period, requiring that the dwell time not exceed 
roughly three tines the characteristic thermal time, preferably no more than 
one Cine constant to limit the extent of the cycling. The burn time, on the 
other hand, should be sufficient to approach thernal equilibrium in each 
pulse, or be at least three times this thermal time. 

Note that there is a balancing between the burn and dwell time. Decreas
ing the neutron wall load and consequently increasing the thermal tine con
stants through increased breeder dimensions will Increase the required minimum 
burn time, but also increase the maximum dwell time. This is shown in Fig, 
5.5-6, based on the Li20/He/HT-9 breeder design. For a neutron wall load of 
about 1 MW/m , the needed burn time Is at least 500 a to approach thernal 
equilibrium on each pulse, while 1000 s would be desirable to actually operate 
at equilibrium in each burn. Correspondingly, a dwell time of ISO a or less 
is desirable. 

Minimum Continuous Operating Time If the device operates with burn times 
sufficient to approach thermal equilibrium on each pulse, then a quasi-equili-
brlum state will be reached within a few cycles. This state may be maintained 
as long as necessary to reach BOOB cumulative operating goal. This goal may 
be related to achieving some level of neutron damage, or accumulate enough 
time at high temperature for some structural rearrangement (creep relaxation, 
steady crack growth, breeder sintering) or to achieve tritium recovery equili
brium. 

The verification of tritium behavior is accomplished by monitoring the 
tritium release rate and final Inventory. Generally, attaining 673 of the 
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equilibrium release rate may be accomplished early In the test and accurately 
measured, but 991 recovery or Inventory requires substantial operating 
times. Present calculations assuming the addition of hydrogen into the purge 
stream indicate that lntragranular diffusion is the largest contributor to the 
total inventory. Consequently, Li 20 and L1A102 will probably achieve 673 of 
the equilibrium release rate within about two minutes, independent of the 
neutron wall load. In order to reach 99£ inventory equilibrium, however, 
total operating tines of three minutes, four days and four years are needed 
for Li 20, hot UA10 2 (over 510°C) and cold LiA102 (over 350°C) respectively. 
Other processes have time scales on the order of a day (solubility, surface 
adsorption) or months (fluence effects), and will increase as the neutron wall 
load decreases. Thus a HCOT of one to eight weuks seems desirable. Other 
than fluence effects, though, this particular device parameter may be 
sensitive to the particular breeder design. 

5.5.3.3 Test Volume 

The amount of test volume available will limit t!:e number of test modules 
or assemblies that can be fitted Into the device simultaneously. It may even 
be so small that it directly limits even the size of a single module - width, 
length and/or depth. 

Width A primary test requirement comes from the first wall structural 
behaviour, where it Is necessary to treat the full curved arch of the first 
wall, requiring a width of 0.3 m for the reference blanket. However, under 
reduced heat source conditions, it is necessary to increase the dimensions of 
the first wall, including the radius of the arch and so the width of the test 
module. Figure 5.5-1 shows how the first wall dimensions must increase to 
preserv. the temperature profile, while Fig. 5.5-7 shows the trade-off between 
th" first wall width, the first wall dimensions, and the accuracy of slcula-
tion of first wall thermal plus pressure stresses. 

The breeder width also increases as the bulk heating decreases, so as to 
preserve the overall temperature profile. This increase is generally as the 
square root of the change in bulk heating (i.e., neutron wall load), plus an 
additional factor for any pulsing effects. For example, a drop in neutron 
wall load from 5 to 1.2 MW/nr, with a short burn/long dwell pulse leads to a 
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LioO breeder plate increase froc 1 to 2 cm. Although large, the width of the 
test nodule was 30 cm to start, and would likely also have Increased. Thus 
there Is still room for several plates within the breeder to check for mul
tiple channel or plate-plate interactions. 

Length The axial blanket length is around 2-4 m. It would be desirable for 
this to be as snail as possible in the test nodule. One concern in reducing 
the module length is the interaction between the hot expanding first wall and 
the module end plates. This Interaction depends on the relative stiffness of 
the two pieces. It may be possible to adjust the thickness of the end plate 
so as to control this relative stiffness, regardless of the length of the test 
module, and so approximately simulate the axial interaction. However, this 
has not heen analyzed. Furthermore, the design of the breeder region, such as 
the double-walled 17-tubes In the L1A102/H20 blanket, may also Impose 
constraints t~:jed on reasonable bend radii in the tubes. 

Another possible concern related to axial length is with respect to the 
number of first wall cooling channels needed to simulate flow distribution, 
vibration or instabilities. The reactor first wall has 40-200 channels of 2-5 
ma length. A simple model of flow redistribution due to partial channe1 

blockage suggests that 10 channels is sufficient to simulate 85% of the flow 
redistribution pattern of a much larger number of channels. Thus a minimum 
axial length of 5 cut would seem sufficient, increasing as the heat source 
decreased in parallel with the first wall thlckneBS increase, so perhaps 20 cm 
at 0.2 MW/m surface heating in a tokamak. 

Depth The blanket depth Is about 0.8 m, with 0.15 m arched first wall and 
0.4-0.5 m breeder and 0.2 m manifold. The first wall depth must be retained 
since the curved arch is an important part of the first wall structural 
behaviour. This leads to a depth requirement of 15 cm under reference condi
tions, Increasing as the heat source decreases as previously discussed. 

The nodule depth direction also contains the exponential attenuation in 
fluence, radiation effects and tritium production in the breeder. In the Li-)0 
plate design, each breeder plate sees the full variation, while in the LlAlCU 
breej'ar-outslde-tuba configuration, each unit cells is uniformly Irradiated 
and there Is less potential for interaction between hot, high fluence regions 
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and cold, low fluence regions. The attenuation rate is essentially the same 
regardless of the breeder depth, hut it is desirable to place a shield or 
other reflector behind the module so as to Increase the general flux level in 
the module. About 20 cm of breeder are needed to achieve 80% of the full 
reactor tritium production, under reference conditions. 

5.5.3.S Device Geometry 

The neutrouics parameters (nuclear heating, tritium production and 
radiation damage) are affected by the test facility geometry since this 
determines the flux and spectrum of the neutron source to the test module. 

Device size It is possible that the test device will be much smaller In size 
than the reference reactors, as in mirror test facilities where the plasma 
radius is about 0.15 m as compared to 2.5 m In a tokamak reactor. As the 
radius is decreased, total power and neutron wall load will also decrease for 
fixed plasma power density. However, as the device size is decreased, geome
trical effects reduce the scattered component of neutron flux in the first 
wall and so reduce the corresponding radiation effects faster than would be 
expected, as shown in Figure 5.5-8. In order to retain the equivalent first 
wall heatlnr, or neutron damage due to some neutron wall load at reactor sized 
first walls, the test device neutron wall load must be correspondingly increa
sed, particularly below a first wall radius cf 20 cm. Furthermore, below this 
point there is also a deviation in the relative rates of heating, dpa and 
helium production. 

A second effect of device size Is on the distribution of heat source 
around the first wall. If distances from the plasma center to points on tlie 
first wall perimeter change disproportionately as the first wall radius is 
decreased, then the heat source distribution around the first wall will be 
altered. In general, this effect can be avoided by keeping the flrBt wall 
radius large compared to the module 5irst wall dimensions. For the reference 
blankets, the first wall lobe radius ia 15 cm. However, under scaled test 
conditions, the first wall size generally Increases as the first wall heat 
source decreases. 

Other than these effects, however, the influence of the test device size 
on the magnitude and profile of the heat source, particularly in the breeder 
region, is small. 

5-279 



He prcduction rate 

r /r„ = 0.906 
p fw 
Fixed neutron wall load 

100 
First wall radius (cm) 

200 

Figure 5.5-8 Loss of neutronics parameters in first wall 
due to geometrical effects in small-sized 
devices. 

5-280 



Test port The arrangement of the device environment In the Immediate vicinity 
of the test module will influence the heating rate and radiation effects in 
the nodule since eh- test nodule will not In general be surrounded by similar 
blanket modules as In the reactor full-coverage geometry. Neutron reflectors 
can enhance the neutron flux. If the reflector is moved further back, then 
the sides of the module can be exposed to more direct neutrons. These are 
predominantly reflected or scattered neutrons from the test port, and conse
quently are typically lower energy. These may affect the heating rate, damage 
rates or tritium production rates by as much as factors of two in the front of 
the blanket. The back regiono of the breeder may be increased a factor of 
five In tritium production or heating If the reflector Is pulled away from the 
test module sides. However, the flux Is still much less than at the breeder 
front. This effect eKtends a few neutron mean free paths Into the test module 
sides, or about 10 cm. Thus, It is not entirely suitable for testing a full 
width module. 

5.5.3.6 Magnetic Field 

The dominant magnetic field effect in solid breeder blankets Is believed 
to be mechanical loads due to transient magnetic fields, typically caused by 
plasma disruptions. There Is also some contribution to the steady-state 
stress fields due to the interaction of the magnetic field with ferritic steel 
structural materials such as HT-9. Then there is a further range of specula
tions on the possible influence of magnetic field on corrosion - formation, 
transport and deposition. 

No detailed evaluation of the teat requirements for magnetic field were 
performed here since this is not presently believed to be a significant 
contributor to solid breeder blanket behavior. Nonetheless, the magretlc 
field represents a potential energy source of about 10 MJ/ra at 5 T and there 
are identifiable interactions, so the possibility of serious unexpected 
effects makes it desirable to not entirely neglect this environmental condi
tion. 
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5.6 Summary and Recommendatlona 

An Important goal of this chapter Is to provide some measure of the 
usefulness of integrated testltig of solid breeder blankets as the test device 
parameters are changed from the reference reactor values. In particular, 
solid breeder blankets were analyzed to determine the Important blanket 
conditions and phenomena under reference reactor conditions, and to Identify 
test requirements based on scaled test behavior that reproduced the reference 
component behavior. The general features of a scaled test module were consi
dered paramettically to bring otit the trade-offs that occur when the Individ
ual sea]ing methods are Integrated together. 

The device parameters with a strong Influence on test module behavior and 
on the test device cost can be grouped Into the six categories of heat source, 
neutron radiation, operating time, test volume, device geometry and magnetic 
field. It has not been possible to analyze this full complexity of blanket 
behavior and determine whether the tests can reproduce all these Interactions 
under scaled conditions. However, a wide range of Important Issues were 
considered. Furthermore, it is unlikely that consideration of other effects 
will make the test requirements any less stringent. 

These results ace based primarily on analyses of the first wall and 
breeder configurations for the reference L^O/He/HT-S and LiAlO,/H2D/Be/PCA 
blankets. However, the analyses were often at such a general level that it la 
likely that the conclusions would not be appreciably different for most solid 
breeder hl&nket designs based on present concepts. 

The basic "minimum" scaled test facility appears to require at least 1 
MW/nr neutron wall load. The surface heat flux should be above 0.3 MW/m for 
testing tokamak blankets, and below 0.! MW/m for testing mirtot blankets. A 
burn time of at least 500 seconds Is needed to reach thermal equilibrium under 
these scaled conditions, and preferably longer to allow some time at equili
brium. The dwell time should not exceed 150 s so as to avoid too much cycling 
of temperatures and other possible effect6. Reaching 99% or so of the steady-
state tritium inventory would require a continuous operating time (1005 
availability) of day« to months, depending on the particular breeder design. 
An appreciable magnetic field would be desirable to confirm that there are not 
major surprises, although no specific limits can be suggested. However, it is 
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likely that any fusion test device will have appreciable magnetic fields in 
the few Tesla reglae anyway. No detailed fluence goals were considered here, 
but the range 1-3 MW/m is generally expected to establish a number of impor
tant effects and any consequent interactions. The test device itself should 
be at least 20 en in first wall radius, and preferably on the same order or 
larger than the first wall dimensions of the test module. The test port 
should be made of some neutron reflector to enhance the neutron flux in the 
vicinity of the test module, with a plug or shield to minimize leakage out the 
nodule rear. The test volume must be about 1 m wide x 0.5 m long x 1 m deep, 
under these test facility conditions, for each module to be tested. 

It is desirable, and apparently possible frois the scaling considered 
here, to have a combined first wall and breeder region in the test module. 
Essentially one type of test module should be able to Indicate most basic 
operational features of the full component under the conditions given above. 
(Other than neutronics verification, which is considered separately in Chapter 
7.) Of comse, multiple modules would be necessary to gather statistics, 
fluence-related information, and explore off-normal operation. Furthermore, 
these analyses only brushed the surface of the many phenoiut;".? that should be 
considered. It is possible that further work will indicate more restrictive 
test requirements or the need for different test modules to explore different 
aspects of blanket behavior. 
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Nomenclature for Chapter 5 

a Neutron albedo 
A Area, mr 

cr Factor In creep rate formula 
B Magnetic field strength, Tenia 
Bf Barrier factor for tritium permeation 

c 
Factor in swelling rate formula 
Concentration, 1/m 

c p Specific heat, J/kg-K 
CD Drag coefficient 
d Depth, distance, diameter, m 
D Diffusion coefficient, m /s 
E Young's modulus, N/m 
En Neutron energy, eV or J 
f Frequency, l/s 
f Friction factor 
f(x) General function 
F 2 o General force, N or N/ra or N/ro 
g(x) General function 
* 
g Volumetric tritium generation rate, kg/s-m 
G Tritium generation rate, kg/s 
h Heat transfer coefficient, W/m -K 
h(x) Profile factor for tritium generation rate 
I Moment of inertia, m 
I Tritium inventory, kg 
J 2 Neutron or particle current, 1/tn —s 
k Thermal conductivity, W/m-K 
K Stiffness, N/m 
K 2 Permeability, m 
L Length, m 
m Mass, kg 
• m Mass flow rate, kg/s 
m' Mass flow rate per unit length, kg/s-m 
m Mass flux, kg/s-m 
M Moment, N-m 
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H Magnetization, A/n 
M Difference between parameter in test module and reactor blanket 
n Atomic density, 1/nr 
n Tritium source or arrival rate, g/s 
ti Surface normal vector 
n t Coolant tube density, tubes/m 
N e Number of burn/dwell cycles to quasi-equllibrium 
Nu Nusselt number, Nu - hd/k 
p Pressure, N/mz 

_p_ General traction of pressure vector, N/m 
p Transverse force per unit length, N/m 
p Pumping power, W 
P m Permeability, P m = DS, m 3/m-B-Pa 0* 5 

Pr Prandtl number, Pr = uc /k 
q Axial force per unit length, N/m 
q. Surface heat flux, W/mZ 

q Neutron wall load, W/m 
q(x) Profile factor for volumetric heating rate 
Q Energy, eV or J or J/m or kcal/mol 
Q Volumetric heating rate, W/nr 
r Radial coordinate or dimension, m 

R Radial dimension, m 
R Ideal gas constant, 1.986 x 10~3 kcal/mol-K 
Re Reynold's number, Re = pUd/ii 
S Sievert's constant, 1/Pa 0 , 5 

t Time, s 
tj, Plasma burn time, s 
tj Plasma dwell time, s 
t_ Characteristic time, s 
T Temperature, K 
u Displacement in x-direction, m 
u Dimensionless temperature 
U Velocity, m/s 
v Displacement in y-direction, m 

•3 

V Volume, m 
V Volumetric flow rate, nr/s 
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x Spatial coordinate, a 
X Concentration, ppm or 1/m 
y Spatial coordinate, m 
z Spatial coordinate, m 
w Width, m 
W Molecular weight, kg/mol 
a Thermal expansion coefficient, 1/K 
a Coefficient for tritium generation profile 
B Angular rotation 

2 2 
6 r /r in cylindrical geometry 
Y Effective attenuation coefficient, 1/m 
6.. Kronecker delta 
e Strain 
e Volume fraction 
c, Damping ratio 
6 Angle 
6 Temperature difference, K 
K Boltzmann's constant, 1.3807 x 1CT 2 3 J/K or 8.6173 x 10~ 5 eV/K 
X Mean free path, n> 
u Dynamic viscosity, kg/m-6 
v Poisson's ratio 
t nimensionless coordinate 
p Density, kg/m 
a Stress, N/tn 

2 
cr Microscopic cross-section, m 
I Macroscopic crass-section, l/m 
T Dimenslonless time 
T Time constant, s 
T Pore tortuosity factor 
$ Neutron flux, n/m -s 
<jtC Neutron fluence, MW-yr/m or n/m 
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6. ANALYSIS AND ENGINEERING SCALING OF LIQUID METAL BLANKETS 

6.1 Introduction 

There are many uncertainties regarding the actual operation of blanket 
designs in the complex fusion environment. With our present limited level of 
understanding of blanket phenomena and in the absence of essential data, we 
cannot guarantee that existing designs are feasible or practical. For self-
cooled liquid metal blankets, the largest sources of uncertainty are related 
to MHD effects, structural integrity, and materials compatibility. For 
example, MHD has a large impact on the issue of first wall cooling. This is 
particularly important ir. tokaraak reactors, which typically have a high 
surface heat flux and neutron wall loading. Inadequate cooling Impacts 
performance limits due to the maximum allowable temperatures and thermal 
stresses. MHD also causes a large pressure drop which leads to high pressure 
stresses that may exceed allowable stress limits. A more complete list of 
uncertainties in the operation of liquid metal blankets is contained in 
Chapter 3. 

The high cost of a fusion reactor necessitates that *lsk associated with 
blanket Performance be reduced as much as possible. Considering the large 
number of uncertainties, to achieve this will require a large amount of 
blanket analysis and testing. In Chapter 4, a complete set of needed tests 
was enumerated, including the entire range from specimen tests to full scale 
demonstration tests. In this chapter, more detail is presented regarding the 
requirements for the tests — that Is, how to satisfy the testing needs. The 
most stringent requirements arise from the most integrated types of tests 
which appear to require a fusion test device. However, It is lik'.ly because 
of cost considerations that such a fusion test device will not provide the 
full scale parameters of a commercial reactor. Therefore, the adequacy and 
usefulness of Integrated testing at reduced device parameters must be ad
dressed. 

There is a range of testing goals that must be met in a complete blanket 
testing and development program. These are identified explicitly because the 
test requirements depend strongly on the nature of the testing. They Include: 
(1) fundamental experimentation to provide understanding of phenomena and data 
for verification of predictive capabilities, and (2) component verification 
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testing. The type of testing which one chooses depends on several factors, 
Including the cost of the test and the risk involved if the test is not 
performed. Integrating theee factors together into a rational test plan is a 
very complex job involving trade-offs anong costs, benefits, and risks. One 
of the important goals of the work presented in this chapter is to da fine as 
clearly as possible the benefits of testing at scaled down conditions, which 
must include consideration of the nature of the information sought f/otn the 
tests. 

In fundamental experiments, the emphasis is on understanding basic 
blanket behavior and uncovering phenomena which are not well understood. It 
is often important in tests of this type to model details such as spatial 
profiles* Usually only one or a small number of effects are isolated, which 
alleviates the difficulty of simultaneously modeling many different environ
mental conditions. However, in some cases it is the interaction between 
several phenomena or environmental conditions which has the largest uncertain
ties. In this case, basic experiments provide the understanding necessary to 
plan and conduct the more complex, multiple interaction experiments. 

For liquid metal blankets, many new basic phenomena in the fusion envi
ronment are complex and poorly understood. This places particular emphasis on 
studies of basic effects for these blankets. In addition, liquid I'.etal 
blankets tend to be strongly interactive: MHD, thermal hydraulics, corrosion, 
and structure behavior are all related. This indicates that definitive basic 
information might be necessary from experiments with relatively high levels of 
integration. 

Fundamental experiments also provide information necessary for verifica
tion of predictive capabilities. In some cases, modeling detailed phenomeno-
logical behavior is not possible, and special experiments are performed to 
provide direct experimental data for "lumped" or "global" parameters that can 
be used in simplified models. 

Component verification tests are "black box" tests in the sense that 
details within the blanket are not as important as whether or not the blanket 
works as a whole. Failure modes and global performance parameters are empha
sized. An effective component verification test requires either complete 
modeling of the blanket or sufficient understanding of the critical phenomena 
that Incomplete modeling does not strongly affect the overall blanket behuvior 
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and failure nodes. 

Engineering Scaling 

One of the greatest difficulties In fusion testing sterna from the very 
high cost of full scale testing fn a fusion environment. It is most likely 
that the majority of integrated blanket testing will be performed in devices 
which have much lower power density than a commercial reactor. Other major 
device parameters nay be altered in the test device as well, Including the 
surface heat flux, magnetic field strength and geometry, and plasma burn 
scenario. The test device will also generally have a limited surface area and 
volume for performing the tests. This causes serious problems, because 
blanket behavior is strongly coupled to the device parameters. 

Directly testing a module designed for full scale parameters in a reduced 
scale device results in a poor verification of the component. (In this context, 
the terra "scale" refers to any device parameter, not only size.) For example, 
the structural integrity of the first wall is directly related to theriial 
stresses, which result from the surface heat flux and neutron wall load. Opera
ting a blanket at a low fraction of full power conditions leads to lower first 
wall temperatures and stresses. If nothing was done to correct this problem, it 
would not provide a very useful test of the fitst wall. This type of "look-
alike" test might still yield valuable information for verifying predictive 
capabilities and identifying synergistic effects. 

In order to obtain maximum benefit from testing at reduced device parame
ters, principles of engineering scaling must be applied to the design of an 
"act-alike" test. Using engineering scaling, the frcot conditions and test 
elements themselves are controlled to reproduce the most critical behaviors 
which are expected to dominate the uncertainties in performance and failure 
modes in the real reactor blanket. For the example given above, an act-alike 
test of the effect of thermal stresses on the first wall structural behavior 
could be designed by Increasing the thickness of the first wall. This would 
result in a larger temperature drop, and would therefore slnnlate the thermal 
stresses present in the real first wall under normal operating conditions. 
Act-alike testing 16 not only useful for verifying predictiv- capabilities, 
but also provides for component verification. 

Complete act-alike behavior is difficult, If not impossible, to achieve 
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at reduced device parameters. This stems from the complex, Integrated nature 
of the blanket. Scaling conflicts often occur when two different phenomena 
require different modifications to retain the essential features, or when more 
than owe device parameter Is changed simultaneously. For example, Increasing 
the first wall thickness to maintain thermal stresses also causeB a reduction 
in pressure stress. This problem could be fixed by modifying some other test 
parameter, but new problems Invariably develop each time the test Is altered 
from the reference conditions. 

The process of engineering scaling requires a substantial amount of 
understanding of blanket behavior In order to assure that imporcant phenomena 
are maintained under scaled conditions. let, the need for testing implies 
that there are substantial uncertainties involving the blanket behavior. This 
apparent contradiction epitomizes the difficulty of engineering scaling: the 
ability to exactly quantify the requirements for scaled testing would indicate 
the lack of need for testing at all. Scaling for liquid aetal blankets is a 
particular problem because our understanding of the basic blanket behavior is 
so poor. This makes It very difficult to quantify uncertainties. It is 
assumed that before integrated tests are actually designed that extensive 
separate and multiple effects testing will be perforaed, allowing for a more 
informed and useful test design. 

One can choose to emphasize one or several blanket behaviors at the 
expense of others, which results in a "scaled test option." By performing 
several different scaled teBt options, one might hope to reconstruct most of 
the important blanket phenomena. Interactive, or "synergistic", issues can be 
easily lost with this approach. Care must be exercised to identify and 
eliminate the omission of important interactive effects. Test module design 
end general principles of scaled testing are discussed in more detail in 
sections 6.4 and 6.5. 

Another inherent weakness of scaled testing is the loea of information on 
unanticipated effects. One of the primary purposes for fundamental experi
ments and final component verification is to discover unexpected phenomena. 
Integrated testing can help identify these phenomena to some rxtent, because 
of the simultaneous presence of many environmental factors. But by scaling 
the test element or test cot"'It Ions, unexpected phenomeu^ may be changed in a 
way that cannot be predicted. 

6-4 



Overview 

In this chapter, the principles of scaled engineering testing are devel
oped for liquid metal blankets and applied to the design of an actual test 
module. The purpose is to provide as such quantitative input as possible to 
the cost/benefit tradeoffs involved I'D defining test devices. In order to 
understand how to design a useful scaled test, or how to create act-alike 
conditions, it is first necessary to understand how the liquid metal >lanket 
behaves and just what is meant by "act-alike" behavior. The way in which 
liquid metal blankets behave is an evolving topic of research that needs to be 
nourished. Therefore, a large amount of effort was invested in studying basic 
blanket behavior. Five major technical disciplines were studied, including 
MHD fluid flow and pressure drop, thermal hydraulics, corrosion, structural 
behavior, and neutronics. The details of the analysis are presented in 
Section 6.2. 

For each of the technical disciplines, parametric relations were devel
oped to describe how the most lmoortant phenomena vary with the device parame
ters and operating conditions. These are presented as requirements for scaled 
testing in Section 6.3. In Section 6.4, a preliminary test module design is 
carried out In order to demonstrate the procedure and to uncover some of the 
problems whirh arise when all of the elements of engineering scaling are 
employed. 

The test requirecancs and lessons learned from the test module design are 
then summarized in Section 6.5 and conclusions are stated in Section 6.6. 

Detailed analysis requires that a specific design be treated. For the 
majority of the li.,uid metal blanket work, the lithium cooled BCSS Toroidal/-
Polodldal Flow design was chosen as the reference design, (See Figure 6.1-1 
and Appendix D.3 for details of the reference design.) One of the key fea
tures of this design is the existance of both pololdal and toroidal coolant 
-nannels. In order to improve first wall cooling, the first wall is construc
ted of small channels which are fed by the larger poloidal channels. The 
first i/all structure and flow paths are therefore somewhat complex compared to 
many other self-cooled liquid metal blanket designs. A limited amount of 
analysis was also performed for the MARS LlPb blanket (Figure 6.1-2), which 

6-5 



Figuro 6.1-1 BCSS poloidal/toroidal flow blanket concept. 
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consists of a simpler geometry. In this design, the coolant flows in curved 
tubes which run only perpendicular to the field> 

la order to extend the applicability of the conclusions, general trends 
and generic design features are emphasized. The BCSS Toroidal/Poloidal Flow 
design has several basic features which are found in other blankets, including 
a composite flat plate firs'; wall structure with first wall cooling channels, 
coolant flow in directions parallel and perpendicular to the field, bends, 
orifices, etc. In some ways, this design is a good choice of a reference 
design because its complexity leads to a complex set of teat requirements. 

The MARS design is an good complimentary example. It has very simple 
coolant flow paths, low first wall heat flux characteristic of the tandem 
mirror, and a type of support structure which leads to different kinds of 
design problems and test requirements. For the BCSS design, there is ample 
support of the first wall throughout the blanket, provided by the poloidal and 
toroidal channel walls. The local structural response 1B thought to be 
dominated by radial profiles of temperature, swelling, etc. The response in 
the toroidal and poloidal directions is somewhat decoupled due to the internal 
support structure. (Thia does not apply for the external support of the 
entire blanket module.) For the MftRS design, coolant tubes travel all the way 
around the plasma with little support. This results in a complicated struc
tural response which depends strongly on both the radial and axial directions. 
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6.2 Analysis of Blanket Behavior 

6,2.1 MHD Fluid Flow and Pressure Drop 

6.2.1.1 Overview 

Importance of HHD Fluid Plow and Pressure Drop 

MHD pressure drop is a critical issue In liquid metal blankets. The 
operating pressure of Che coolant increases with Increasing pressure drop, 
which induces severe stresses iri the first wall. If the pressure drop is very 
high, then the combination of pressure stresses, thermal stresses, and other 
loading conditions in the fusion environment could rule out certain liquid 
metal designs. High MHD pressure drop is undesirable not only because it 
induces severe stresses in the wall, but also because the pumping power 
Increases with the pressure drop. The pumping power must be low compared with 
the output power of a fusion reactor. 

MHD effects on flow distribution are another important Issue in liquid 
metal blankets. If flow distribution is not uniform, local hot spots may 
appear in a blanket. In particular, the velocity profile in a first wall 
cooling channel is important. It affects both the first wall temperature and 
the corrosion rate of the wall as will be discussed in Sections 6.2.2 and 
6.2.3. 

Current Status of Research 

MHD fluid flow has been studied by many researchers both analytically and 
experimentally, but there still remain uncertainties such as those listed in 
Table 6.2.1-1. Most of these have been studied already to some extent, but 
important problems remain. Some of them are completely unsolved. The reason 
is that both analysis and experiment on these subjects are very difficult. In 
the analysis it is necessary to solve flow equations and eddy current equa
tions simultaneously. As the eddy currents flow in a plane perpendicular to 
the fluid flow, the problem is essentially three dimensional with few excep
tions. Computer codes are very useful tools in flow analysis, but there is no 
multi-purpose code now available which can solve MHD flow problems. 

Experiments are also difficult In this fi«i.lJi. Large magnets are needed. 
Liquid metal technology has been developed in LMtfBR projects, but the use of 
liquid metal still poses some problems. Most of Che experimental works 
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treated very simple flow such as flow in a straight pipe with uniform magnetic 
field. 

Generality of Uncertainties 

The MHD problem depends on blanket design. Some issues In Table 6.2.1-1 
are not generic but specific to certain designs. For example, the effects of 
mixing vanes are a specific problem in a blanket which uses the vanes. But it 
is impossible to construct a blanket with straight ducts alone which are 
Insulated from each other. It is necessary to reduce the uncertainties listed 
in Table 6.2.1-1 before construction of a fusion reactor. 

Major Uncertainties 

Every uncertainty in Table 6.2.1-1 is important and should be studied 
much more in the future, but the global current effects and the time dependent 
problems seem to be most important. They remain completely unsolved, though 
they may determine the viability of the liquid metal blanket design. Major 
uncertainties will change as studies on these problems progresses• Although 
at present they are na.lor uncertainties, It is expected that they will be 
solved In the future. At that time there may arise other uncertainties which 
are not included in the list. 

In the following sections, two problems which have previously been 
unsolved are discussed, including global current effects and the entry length 
for flow development with an angled magnetic field. 
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Table 6.2.1-1 List of Uncertainties 

I. MHD pressure drop 
A. Channel shape effects 

1. Irregular cross section1 »̂ 
2. Nonuniform wall thickness* ' 

B. Two or three diaenslonal flow effects 
1. End effects (Inlet/outlet/1' 
2. Bends*4' 
3. Expansions and contractions'-
4. Branches (junctions) 
5. Mixing vanes or helical flow paths'1 '» 
6. Impinging jet"''* 
7. Rough or grooved wallv '» 
8. Flow nonunlformities due to obstructions, etc.^*'» 

C. Complex magnetic field and induced field effects 
1. Angled field effectB*1' 
2. Effects of field gradients*4' 
3. Effects of field ripple*1' 
4. Effects of field changing with time, Including constant B ^ ' 
5. Finite magnetic Reynolds number effects' '* 
6. Thermoelectric effects*5'1 

D. Global current effects 
1. Adjacent channel effects 
2. Effects of supporting structures*1' 

E. Effects of material properties (resistivity, etc.) 
1. Temperature dependence of material properties^ '* 
2. Changes in bulk properties with irradiation*- '• 
3. Changes In surface properties with corrosion 

IT. MHD effects on flow distribution 
A. Channel shape effects 

1. Effects on bulk flow profile*4' 
2. Effects on boundary layer thickness' ' 

B. Two or three dimensional flow effects 
. Flow development entry lengths' ' 

(1),** 
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Table 6.2.1-1 List of Uncertainties (contd.) 

2. Flow distribution In branches^1' 
3. Flow distribution in bends/expansions and contractions'3' 
A. Two dimensional flow structure (large eddy)*- ' 
5. Flow distribution in mixing vanes or helical flow paths* '» 
6. Flow distribution in impinging jet^2'» 
7. Effetts of rough or grooved wall on boundary layer 

thickness *• '' 

Complex magnetic field effetts 
1. Angled field effects^1* 
2. Effect of field gradients^' 
3. Effects of field ripple*1* 

Global current effects 
1. Parallel channel flow sharing^*' 
2, Effects of eddy current in structures'*' 

Turbulence 
1. Source of turbulence and its effects^ '' 
2. Decay of turbulence1 '* 

Time dependent MHD pnenoroena 
1. Instabilities^5*'*** 
2. Pressure waves^ ' 
3. Effect of changing field, including constant b ' ' 
4. Distribution of i-" ~c.cz' g or decreasing flow^ ' 

^ 'These problems remain completely unsolved. 
*• 'There is littla work on these problems. 
K 'There is some work, but more studies are needed on these problems. 
*• 'There is some good work, but uncertainties remain. 
* •'These problems have been studied fairly well. 

These are design specific problems. 
These affect MHR behavior, but are not original MHD problems. 
These problems may be neglected in fusion blankets. 
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6.2.1.2 HHD Pressure Drop in Second Wall Orifice of Reference Liquid Metal 
Blanket 

(1) Introduction 

The reference liquid metal blanket i- composed c/ toroidal first wall 
cooling channels and pololdal manifolds. At the toroidal ends of a blanket 
nodule, there are orifices in the second wall which connect the toroidal 
channel with the manifolds. The channels -.re partitioned by ribs which 
connect the first wall to the second wall. There Is no Insulation between the 
channels. In a straight duct, the eddy current induced in the coolant must 
flow back through the ribs as shown in Fig. 6.2.1-1. The current does not 
flow across the channels, therefore the neighboring channel effect can be 
Ignored. However, the eddy current induced at the orifice flows across the 
channels as shown In Fig. 6.2.1-2. The eddy current induced In the orifice 
where the coolant crosses the magnetic field can flow back through the second 
wall or through the coolant in the area where it flows in parallel to the 
field. The current intensity in a multichannel assembly may be quite differ
ent from the intensity in a single channel, hence the MHD pressure drop nay be 
different. The eddy current intensity and the MHD pressure drop are calcula
ted in two extreme cases where slug flow and fully developed flow ar» assumed 
•'ti the orifice. 

(2) Slug Flow Model 

The slug flow assumption is technically incorrect, since flow redistribu
tion occurs; however, due to its simplicity, it is a useful tool to introduce 
this subject. The correct solution Including flow redistribution will be 
considered in the following section. As will be discussed, the results of the 
slug flow solution neglect important features of th£ velocity profiles but 
predict the pressure drop with good accuracy. 

Calculational Model and Assumptions 

Figure 6.2.1-3 shows the coolant flow through the second wall orifices at 
both ends of the toroidal channel. The toroidal width of the blanket module 
is L and thr poloidal width is W. There is an Inlet opening between x=»0 and 
x=a, and an outlet opening between x=L-a and x=a. Between x=a and x»L-a is 
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Figure 6.2.1-1 Eddy current in straight parallel duct. 
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Figure 6-2.1-2 Eddy current induced in second wall o r i f i c e . 
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Figure 6,2.1*3 Slug flow model. 



the second wall. Each toroidal channel has its own Inlet and outlet orifices. 
The openings are partitioned by ribs into the orifices In the reference 
design, but In this analysis, the ribs and fluid are homogenised. There is a 
toroidal magnetic field, B™, in the x direction. The radial and poloidal 
magnetic "leld intensities are assumed to be zero. The electrical conductivi
ty of the wall Is lower than that of the coolant, but for simplicity, the 
conductivities are assumed to be the same here. The Induced magnetic field Is 
assumed to be weak. The assumptions are summarized as follows: 

(1) The coolant flows radially in the areas between x-0 and x«a and 
between x-L-a and x-L. The velocity is uniform. It is equal to w 0 

between x»0 and x-a and -v^ between x"L-a and x»L (slug flow). 
(II) The eddy current flows only In the plane parallel to the wall, (two 

dimensional model) 
(ill) The magnetic field is parallel to the x direction, 
(iv) The detailed structure is homogenized in the model, 
(v) The electrical conductivities of the coolant and the wall are assumed 

to be the same, 
(vl) The magnetic Reynolds number is small. 

The basic equations include: 
Ohm's law 

i_ = c e(- ̂  + w bB T) (6.2.1-1) 

and conservation of current 

2 * t = 0 (6.2.1-2) 

where_i(iT,ip) is the current intensity, o Is the conductivity of the coolant 
and the wall, ij> Is the electric potential and B~ is the toroidal magnetic 
field strength. 

The current intensity is obtained numerically using a finite difference 
method. The plane shown in Fig. 6.2.1-3 is divided into rectangular elements 
and simulated by a network. The mesh size needs to be small enough not to 
affect the result. 
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Current Intensity Distribution 

The generation of eddy currents, and hence MHD pressure drop, depends on 
two factors: the presence of su F.MF "driving term" and the presence of a 
closed circuit for currents to flow. 

The coolant flowing across the magnetic field ir the area between x-0 and 
x«a creates a y-dlrectlonal electromotive force. If a closed circuit exists, 
an eddy current will flow In the y direction. If the blanket surrounds the 
plasma as shown In Fig. 6.2.1-4, then the current can flow freely a.ound the 
plasma. This corresponds to the case In which W/a la Infinite. The current 
flows only parallel to the y axis In Fig. 6.2.1-3. The current Intensity Is 
the product of the electromotive force and the conductivity of the current 
path. As both the electromotive force and the conductivity of the petti are 
uniform, the current intensity In the orifice Is uniform and Is expressed as 
follows: 

AP = Wb (6.2.1-3) 

When W/a Is finite, the current must flow back through some return 
path. The current flows not only in the y direction, but also the x direction 
in order to return. The current path is distorted by the existence of bounda
ries perpendicular to the electromotive force. Fig. 6.2.1-5 shows the eddy 
current distribution in the case W/a-10 and L/a»10. (The current flow pattern 
is similar If the ratios W/a and L/a are maintained.) Part of the current 
flows back through the neighborhood of x-a. The current flows in an elliptic 
circuit around the point x»a and y"0 elongated in the y direction. The other 
part of the current reaches the orifices at the other end of the nodule. 
Since the direction of the electromotive force Is opposite at the other end, 
the current flows in the opposite direction and returns. The circuit narrows 
near the edge of the blanket. The current intensity is not unlforu; therefore 
the distribution of the current Intensity muBt be considered. 

The conductivity of the path depends on the current flow pattern. 
Therefore, the pololdal component of the current Intensity In the orifices la 
modified by including a factor C In eq. (3): 

*P " C ae BT wb (6.2.1-4) 
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Figure 6.2.1-5 Eddy current distribution. 
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where C Is a function of H/a, L/a, and the location in the opening (x/a,y/W). 
Figure 6.2.1-6 shows the distribution of C in the opening in the case of W/a-1 
and L/a-10, as calculated by numerically solving Eqs. (I) and (2). The value 
of C is large near the second wall and changes exponentially in the x direc
tion, c also changes in the y direction. It is largest at the point y-0 and 
is zero at both ends. In the single orifice case, W/a is usually around 
unity. Figure 6.2.1-6 represents the distribution of the y— directional 
current intensity in the single orifice. Figure 6.2.1-7 shows the result in 
the case of W/a-10 and L/a*10. C is nearly constant in the x direction, but 
it changes in the y direction in the same manner as in the case of w/a-1. 

WHD Pressure Drop 

Eddy currents in the magnetic field generate electromagnetic forces in 
the coolant. The force usually Impedes the flow, thus an HBD pressure drop 
arises in the coolant. The pressure drop In the orifices is not uniform and 
is expressed as follows: 

where C Is a function of the location in the oi-flees and is the same as was 
used In eq. (4). Let us consider the average pressure drop in each orifice 
calculated by eq. (6) 

- p - C 0 *1 w„ dz e T b 
(6.2.1-6) 

C - I (J CdA) 
A A 

A=ab 1B the area of one orifice, where b is the poloidal width. Figure 6.2,1-
8 shows the value C in the case of a»b and L/a»10. The poloidal width of the 
blanket module W is k m „ times the poloidal width of the orifice b, where VV)ax 

is the number of inlet or outlet orifices. The HHD pressure drop Increases 
with increasing number of orifices, but C never exceeds unity. When there are 
several orifices, the pressure drop is high in the central orifices and is 
relatively low In orifices near the poloidal ends of the blanket module. 
Figure 6.2.1-9 shows the value of ~C in the middle orifice when there are many 
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Figure 6.2.1-7 Pololdal current In tens i ty (w/a = 10, L/a = 10) . 



Figure 6.2.1-8 Average pressure drop coefficient in each orifice. 
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Figure 6.2.1-9 Average pressure drop coefficient in middle orifice. 



orifices. It is a function of w/a and L/a. If W/a is larger than 100, C is 
unity regardless of the value of L/a. 

Effect of Insulators 

The current flow pattern changes greatly if there are any obstructions In 
the plane. An insulating partition parallel to the magnetic field in the 
opening of the second wall distorts the circuit and increases the resistance. 
Tigure 6.2.1-10 shows the eddy current distribution In the case of W/a»10 and 
L/a=10. There are insulating partitions of length I between each orifice of 

P 
poloidal width b. Both H and b are equal to a in the figure. Since there is 
no insulation between x=a and x-L-a, the multi-channel effect still remains. 
But the flow pattern in each orifice Is similar to the pattern in the single 
orifice case. Figure 6.2.1-11 shows the effect of the insulating partitions 
between the orifices on the MHD pressure drop in the case of W7s«10, L/a»10 
and b/a=l. Insulating partitions of length 4 -a decrease the pressure drop 

P 
greatly. There is little difference between the pressure drops in the cases 
of I -a and I =u. It is not necessary to extend the partition into the second 

V P 
wall. The insulator between adjacent orifices is quite effective. 

Evaluation of the MHD Pressure Prop in the Reference Blanket 

In the reference blanket, each toroidal channel has its own iEilet and 
outlet orifices. The openings at both toroidal ends of the second wall are 
partitioned by ribs Into orifices. For simplicity, the electrf-'al conductivi
ty of the wall Is assumed to be the same as that of the coolant in the analy
sis, though the latter is twice as large. 

When there are many orifices and the poloidal width of the blanket module 
W is far larger than the orifice width a, the pressure drop coefficient (f in 
eq. (6) Is unity in central orifices. <>1 means that the resistivity ir. the 
return path is negligible; the second wall Is wide enough to support the 
return current. Although the resistivity of the wall Is higher in the refer
ence blanket, it does not affect the reBult, but the ribs between the orifices 
have some effect. The electrical conductivity through the orifices in the 
poloidal direction is expressed as follows: 

b + t 
% ' ihStlv (6.2.1-7) 

f w w 
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Figure 6.2.1-10 Eddy current distribution with insulator. 
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Figure 6.2.1-11 Effect ot insulator length on pressure drop. 
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a 45 mm 
b 25 am 
£

W 
3 mm 

15 mm 
wb 1.56 m/s 
ftr 7.5 T 

where o_ And o are the electrical conductivities of the coolant and the rib, 
r w 

and t w is the thickness of the rib. Since the electromotive force Is not 
induced in the ribs, the average electromotive force Is not B^WL but rather 
B^ijb/Ctjt^). The HHD pressure drop per unit length can be calculated by the 
following equation: 

w 

The detailed dimensions of the second wall orifice are not given explic
itly I:; the reference blanket design. Thus the following values are used: 

toroidal width of orifice 
poloidal width of orifice 
rib thickness 
second wall thickness 
average velocity In orifice 
magnetic field strength 

The poloidal width of the blanket module is 9.3 m, which Is far larger than 
the orifice width. The value of C is unity in this case. The electrical 
conductivity of the coolant is 3.0 MS/m and that of the rib is 1.5 MS/m. Tiie 
MHD pressure drop per unit length is calculated to be 212 MPa/m. As the 
second wall thickness is 15 mm, the MHD pressure drop in the orifice is 
calculated to be 3.18 HPa, 

tn the above analysis, we assumed slug flow in the orifice, however, the 
pressure drop is not uniform in the orifice. Flow redistribution may occur, 
which would reduce the pressure drop. This will be discussed after the 
analysis using the fully developed flow model. 

(3) Fully Developed Flow Model 

The slug flow assumption is technically incorrect, since flow redistribu
tion occurs. Thus, the fully developed velocity profile is used here, which 
appears if the second wall is thicker than the entry length. As the second 
wall la not so thick, the flow may not be fully developed in the oririce. But 
no one can predict the real profile. The pressure drop with fully developed 
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flow Is calculated and Is compared with the pressure drop with slug flow. 

Calculations! Model and Assumptions 

Figure 6.2.1-12 shows the calculatlonal model. The detailed structure is 
not smeared, but is Included in Che calculation. The toroidal width of the 
orifice is a and the poloidal width is b. There are thin ribs of thickness t v 

between the orifices. On the right side of the orifice Is a wall of thickness 
t * which is thicker than the ribs. On the left side is a non-conducting 
wall. The conductivity of the ribs and the thick wall is o" and the conducti
vity of the coolant is cr_. The bulk velocity wj, through each orifice Is 
assumed to be the same. The eddy current is assumed to flow only in the plane 
shown in Fig. 6.2.1-12. The magnetic field is parallel to the toroidal 
direction, and the radial and pololdal field intensities are assumed to be 
zero . 

The coolant is incompressible and the flow Is steady. The Stuart number 
or interaction parameter, N = aB.-O./w. p, denotes the ratio of the electromag
netic force to the lnertial force, where p is the density of the coolant. A 
large Stuart number is assumed, which means inertia can be neglected and the 
velocity profile develops quickly. The Hartmann number, 
Ha = aB_yaf/u » is also assumed to be large, which means the viscous force is 
negligible except in boundary layers. The magnetic Reynolds number Re m, the 
ratio of the induced magnetic field strength to the applied magnetic field 
strength, is assumed to be small. Finally, thin boundary layers are assumed. 
MHD flow in ducts has thin boundary layers near walls perpendicular to the 
magnetic field, and relatively thick layers near walls parallel to the field. 
The latcer thickness is proportional to 1/JHA '*'. The assumptions are 
summarized as follows; 

(1) The coolant is incompressible. 
(11) The flow is steady, 
(lli> The Stuart number Is large, i.e., N » 1. 
(iv) The Hartmann number Js large, i.e., Ha » 1. 
(v) The magnetic Reynolds number is small, i.e., Re m « 1. 

**• 1/2 (vl) The boundary layers are thin, i.e.. Ha « * (» a t /<Jfa). 
(vli) The ribs are so thin that the resistivity across them can be neglec

ted. 
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Figure 6.2.1-12 Fully developed flow model. 
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(vill) The eddy cur^-nt flows only In the plane parallel to the wall, 
(lx) The bulk velocity is the same In every orifice. 

The basic equations are as follows: 

Navier-Stokes equation 

p ( V ' V ) V » - 2 P + i * B + uVHJ_ (6.2.1-9) 

Oha's lar 

i. = Cff(- V*e + V x B) <6.2.1-10) 

and conservation of current 

2 * 1 = 0 (6.2.1-11) 

Current Intensity and Electric Potential in Each Channel 

Equation (9) can be non-dimensionallzed as follows: 

ff 1*!''!')!' = - 2 V + A' XJ»' + H a - 2 ? ' 2 ^ (6.2.1-12) 

where N It; the Interaction parameter and Ha is the Hart man n number. In the 
case when N » 1 and Ha » 1, the first and last terns are negligible, except 
in boundary layers or free shear layers, where large gradients and/cr large 
velocities make these terns significant. Therefore, outside boundary and free 
shear layers, 

_V'p' -A' * B.' (6.2.1-13) 
or 

1 P = A * 2. (6.2.1-14) 

The magnetic field is parallel to the x axis, hence poloidal and radial 
componer.-s of the field are zero. The current is assumed to flow in the plane 
sMwn in Fig. 6.2.1-12. Taking the curl of the above equation, we obtain: 
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Sip 
f~-" 0 (6.2.1-15) 

- r ^ - 0 (6.2.1-16) 

where i ? Is pololdal component of the current. The above equations mean that 
lp Is constant in each channel except at boundary layers where the assumptions 
of the model break down. Equation (11) can be rewritten as follows: 

* T + — ° (6.2.1-17) 

Substituting eq. (16) into eq. (17), we obtain: 

3 1 T -^~= 0 (6.2.1-18) 

The toroidal component of the current Lj, is aero on the surface of che non
conducting wHl at x-0, therefore im is identically zero: 

i T = 0 (6.2.1-19) 

which means that the eddy current flows only in the pololdal direction In the 
core region of the orifice. 

Relation of Current Intensity Between Neighboring Channels 

Fig. 6.2.1-13 shows the current paths in the plane. Because the poloidal 
current is constant, the current in the k-th rib KvOO must satisfy the 
following equation: 

v>° = A y * - yk+i>*< = ( y k - y k + i ) x (6.2.1-20 

where l p k is the poloidal current density in the k-th orifice. The current 
in the thick wall between the k-th and (k-l)th ribs, K V , is given as follows: 

K^ = a i (6.2.1-21) 

The e lectr ic potential difference between the k-th and (k-l)th ribs at x=a is 
given as follows: 
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Figure 6.2.1-13 Current paths. 
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bK* . 
V^'^Vk (6.2.1-22) 

' W W W W ' 
where a Is the conductivity of the wall. The electric potential changes w 
linearly along the thlt*k wall between the k-th and (k-l)th ribs. As the 
magnetic field Is parallel to the toroidal direction, there can be no electro
motive force In this direction. Therefore, the electric potential in the 
fluid must be constant In the toroidal direction. If It was not constant, 
current would flow in the toroidal direction and Eq. (19) could not be satis
fied. Therefore, the electric potential changes linearly along the pololdal 
direction In the core region between the k-th and (k-l)th ribB. The following 
uniform radial velocity is necessary to induce the above potential. 

"core.k" ̂  + TH; " ^ + ^ i Vk < 6- 2''- 2 3 ) 

The electric potential along the rib is given as follows: 

*e,k " W*> 77" d X + W 

- 1 P 2 a " t l p ? k + 1 <» '- * 2> * +eo,k (6.2.1-24) 
w w ' 

where $ is the potential at x=a. The difference in the electric potential 
between the rib and the coolant in the core region near the rib must be 
compensated by the electromotive force in the boundary layer. Therefore: 

/ "BL.kV"' " - (*e,k-l" *eo,k-l> 
b (6.2.1-25) 
{ , wBL,k «r dy* = *e,k- W b-i 

where 6 is the thickness of the boundary layer as shown in Fig. 6.2.1-14. We 
can obtain neither the boundary layer thickness nor the velocity distribution 
in it. But we can obtain the flow quantity in the boundary layer by Eq. 
(25). Figure 6.2.1-15 shows the distributions of the current and tha electric 
potential in the rib. The schematic view of the velocity distribution in the 
orifice is shown in Fig. 6.2.1-16. In the core region, the velocity is 
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Figure 6.2.1-14 Boundary layer parallel to magnetic field. 
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Figure 6.2.1-15 Distribution of current and electric potential in rib. 
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Figure 6.2.1-16 Velocity distribution in orifice. 
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uniform. In the boundary layer parallel to the rib, It has a parabolic 
distribution along the rib, though the distribution perpendicular to the rib 
is not obtained here. The total flow quantity In the boundary layer in the 
k-th orifice Is given as follows: 

a ( b 
V k" ! U ttdy' + / wdy*) dx 

' ° J b" 6 (6.2.1-26) 
» (2i - i - i ) 

3o t B. u l P , k 1P,k+l xP,k-l J 

w w T * 
The velocity in the core region of the k-th orifice is expressed as follows: 

wcore,k- i£ ^total" V k } ' wb " aT V , k (6.2.1-27) 

where wfe is the mean velocity in the orifice. Substituting Eqs. (23) and (26) 
into Eq. (27), we obtain: 

(' + TT-r) 1P,k= °f BT wb 
w w 

- T 7T- i < 2 V ^ Vk+r S.k-^ (6.2.i-28> 
W W ' ' ' 

The current Intensity is zero on the outside of the blanket, hence: 

i p > 0 = 0 (6,2.1-29) 

ip k + 1 = 0 (6.2.1-30) 

where k m a x is the number of orifices. Equation (28) expresses the relation of 
the current Intensity between neighboring channels. Solving eqs. (28) through 
(30), we can obtain the current intensity in each channel. 

Current Intensity Distribution 

The current intensity in an orifice can be described as follows: 

ip= C ° fB Tw b (6.2.1-31) 

where C is a function of the number of orifices k^^, the location of the 
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o r i f i c e k / k m a x , 4 (b /a ) and A' . Figure 6 .2 .1 -17 shows the d i s t r i b u t i o n of C 
in the case of ( 1 / 4 ) ( a / b ) - (<r.a/a t ) ( a / b ) - 54 and ( 1 / A 1 ) = o.a/ff t ' - 0 . w i w w w f w w 
I f there i s a s ing le o r i f i c e , i . e . , k » 1, C i s ca lculated to be 0.027 by 

eq . ( 3 2 ) . 

1 ( 6 . 2 . 1 - 3 2 ) l' 1 + 2 _ l a + < l _ 
1 3 <j> b 4 ' 

r w T w 

The value of C increases with increasing k x . If there are more than 50 
orifices, it reaches unity in the central orifices (k/k_^ -0.5). It never 
exceeds unity even if there are more orifices. C is small in orifices near 
the poloidal ends of the blanket compared with that in central orifices. 
Figure 6.2.1-18 shows the result in the case of (1/6 )(d/b)-216 and I/4'«0 . 
The value of C is smaller in this case because the value of (1/6 )(a/b) is 

w 
larger. If there are more than 100 orifices, it reaches unity. With a larger 
value of (1/6 )(a/b), the rate of Increase of C is low, but C inevitably 
reaches unity with a sufficiently large number of orifices. Figure 6.2.1-19 
shows the result in the case of (1/4 )(a/b)=54 and 1/6'*1 . When 1/4' ie not 
zero, C floes not reach unity but reaches *'/(l+4'). In the case with a 
single orifice, the wall conductivity ratio of the thick wall perpendicular to 
the magnetic field affects the current intensity very little. In the case with 
many orifices, it is not 4 hut 6' that affects the current intensity. 

Velocity Distribution in Orifice 

The coolant velocity is very high near the wall parallel to the magnetic 
field as is shown in Fig. 6.2,1-16. The direction of the boundary layer jet 
is not always the same as the bulk flow. Figure 6.2.1-20 shows the directions 
of the jets in the case of k n a x*5. The jet flows so that the induced electro
motive farce compensates the electric potential in the rib. The positive 
electric potential can be compensated by a jet in the positive direction on 
on*-, side of the rib. On tlr? other side of the rib, a positive jet cannot 
compensate the positive potential. Only a negative jet can compensate it. 
Thus the jets flow in opposite directions with nearly equal velocities on both 
sides of the rib. 
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Figure 6.2.1-17 Pressure drop coefficient in each orifice. 
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MHD Pressure Drop 

The MHD pressure drop in an orifice can be described as follows: 

- a ^ ' C ^ w b (6.2.1-33) 

where C is the sane constant used in eq. (31). C is nearly unity when there 
are many orifices, though it is very small when there is a single orifice. 

Effect of Insulators 

If there are insulating partitions between orifices, the MHD pressure 
drop can be reduced. Let us consider the case in which the current cannot 
cross the rib between x="0 and x» l (0< I <a). There are two conducting walls 

P P 
of thickness ttf; one is insulated from the other. In this case, the pressure 
drop coefficient C with many orifices Is calculated as follows: 

C = ^ (6.2.1-34; 
. + 4 !_ !JL. + i_ 3 *„ a2b K 

whare C has the same meaning as In Eq. (5). If il is equal to a, the above 
value Is the same as that of the single orifice. Even if the insulating 
partition length e is shorter than the toroidal width of the orifice a, it 
reduces the pressure drop fairly well. The Insulator between adjacent ori
fices is quite effective. 

Velocity Distribution with Equal Pressure Drop In Every Orifice 

In the above analysis, we assumed that the bulk velocity is the same in 
every orifice. The bulk velocity should be the same in older to cool the 
first wall uniformly. However, in this case the MHD pressure drops in the 
orifices are not the same. 

Let us suppose chat the pressure drop is the same in every orifice and 
the velocities redistribute to comply with this condition. The MHD pressure 
drop is proportional to the poloidal current intensity. If the poloidal 
current intensity la the same in every orifice, the current in the ribs is 
zero except In the riba at both ends of the blanket module. There Is no 
electric potential difference along the ribs. The jets near the JS do not 
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exist, except near the ribs at the pololdal ends of the blanket. 

Since the velocity In the core region of the orifice is proportional to 
the MHD pressure drop, it is the same in every orifice. Hence the flow 
quantity in every orifice is the sane except in the orifices at the pololdal 
ends of the blanket module where the wall jets exist. The flow quantity of 
the Jet is given by the following equation: 

3 . o„a £ i 
QBL" 3g t 1L *P " 3 7 " T w b a 1+o.nJa f (6.2.1-35) 

W w T W W f W W 
where w b is the average velocity in central orifices. The flow quantity in 
the end orifices is larger than that in other orifices by this amount. The 
flow quantity is the same in other orifices. In this case, the pressure drop 
coefficient C is exactly equal to $'/(l + $*) If w^ is given by the average 
velocity in central orifices. Even If nonuniform distribution of the flow 
quantity among the orifices is allowed, the MHD pressure drop is rot reduced. 

Evaluation of the HHD Pressure Drop in the Reference Blanket 

The MHD pressure drop in the second wall orifice of the reference blanket 
is calculated using the following values: 

toroidal width of orifice 
pololdal width of orifice 
rib thickness 
toroidal length of second wall 
second wall thickness 
average velocity in orifice 
magnetic field strength 
number of orifices 
conductivity of fluid 
conductivity of wall 
wall conductivity ratio (rib) 
wall conductivity ratio (thick wall) <t>' 

As the toroidal length of the second wall is far larger than the orifice size, 
the current flows two dimensionally in the wall. This effect may increase the 

a 45 mm 
b 25 mm 

•* 3 mm 

V 2910 mm 

15 mm 
w b 1.56 m/s 

% 7.5 T 
If max 332 

a f 3 .0 MS/iti 

a 1.5 MS/m 

w 1/30 

•A 32.3 
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resistivity In the thick wall of the nodel. The current Induced by the flow 
in the inlet orifices is compensated by the current induced In the outlet 
orifices. The current can flow not only in the second wall but also through 
the coolant in the area where It flows parallel to the nagnetic field. These 
effects nay decrease the resistivity. In this calculation, we use the toroi
dal length of the second wall as the thick wall thickness t'. The pressure 
drop coefficient in the central orifices is calculated to be 0.97. Using eq, 
C33), the HHD pressure drop per unit length is calculated to be 255 MPa/m, 
The pressure drop across the second wall is calculated to be 3.83 MPa. 

We assumed that the ribs are thin and the resistivity across them can be 
neglected, but in the reference blanket, the ribs are not so thin. If we take 
this effect Into consideration, Eq. (36) should be used instead of Eq. (33). 

- o f - C b 7 v V 7 7 - B T w b (6.2.1-36) 
f w w 

Using this equation, the MHD pressure drop across the second wall is calcula
ted to be 3.09 MPa, whic.i is a little smaller than the above value, but still 
very large. 

(4) Discussion 

There is a small difference between the resultB with the slug flow model 
and the fully developed flow model. This is because the resistivity in the 
return current path was neglected in the former while it was given a finite 
value in the latter. 

The thickness of the second wall is only 15 mm, which is so Bmall that 
the flow may not be fully developed in the orifice. No one can predict the 
real velocity distribution in the orifices at present, because the flow 
equations and the eddy current equations must be solved simultaneously with a 
three dimensional model. However, the fact that the pressure drops with slug 
flow and fully developed flow are nearly the same suggests that the models are 
accurate. The pressure drop of more than 3 MPa in the orifice ts so high that 
some modification of the design is needed. 

The HHD pressure drop in the orifices can be greatly reduced by providing 
insulators as was discussed both in the slug flow and fully developed flow 
models. It is possible to insulate an orifice from the neighboring orifices 
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by nailing slits in the ribs or by using non-conductlng naterlals. The modifi
cation of the design is small because the insulation is necessary only between 
the orifices* However, the use of insulators In a fusion environment is 
highly uncertain due to materials compatibility concerns and their low toler
ance to neutron irradiation. 

(5) Conclusions 

The MHD pressure drop in the second wall orifice of the reference blanket 
was calculated with the slug flow model and the fully developed flow model. 
As there is no insulation between the orifices, the eddy current flows across 
neighboring orifices. The current flows back through the second wall, the 
cross sectional area of which Is very large. Since the resistivity of the 
return path is low, the current Intensity 1B high, which induces a very high 
pressure drop of more than 3 MPa. 

With fully developed flow, there exist wall jets near the ribs which are 
parallel to the magnetic field. Calculations show the jets flow in opposite 
directions on each side of the rib, that is, on one side the jet flows in the 
direction opposite to the bulk flow. 

The MHD pressure drop was shown to be greatly reduced if insulation Is 
provided between the orifices. 

The MHD pressure drop In a channel with adjacent channels in the direc
tion perpendicular to the magnetic field is quite different from that la a 
single channel. Eddy currents nay flow across the channels If there are many 
parallel channels. This global current greatly affects the MHD pressure 
drop. We cannot use formulas which are developed for a single channel in the 
presence of global currents. 

6.2.1.3 MHD Flow in First Hall Cooling Channel of Reference Blanket 

Introduction 

In the reference design, the coolant In the toroidal channel flows across 
the poloidal magnetic field. The pololdal field of C.5T is high enough to 
make Che velocity profile uniform if the toroidal field is not too strong, but 
the toroidal field of 7.5T causes a strong resistive force against the radial 
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and pololdal components of the flow which are needed to develop the velocity 
profile. Therefore, the development of the velocity profile may be slow, and 
the profile nay not be uniform for a considerable length of the toroidal 
channel. It is important to know the velocity profile ir< the channel, because 
it affects both the first wall temperature and the corrosion rate. 

Basic Equations and Assumptions 

The basic equations are as follows: 

dlv V_ = 0 (6.2.1-37) 

p — = - grad p + yAV + J. * 5, (6.2.1-38) 

where V_ is the velocity, p is the density, p is the pressure and H is the 
viscosity. i_ x j^ is the electromagnetic force, where _i_ denotes the eddy 
current density and B_ denotes the Intensity of the magnetic field. The eddy 
current is Induced by the liquid metal flow in the magnetic field. The cur
rent density can be obtained using Maxwell's equations and Ohm's law. As the 
electromotive force depends on the velocity, Eqs. (27) and (38) should be 
solved simultaneously with Maxwell's equations and Ohm's law. However, It is 
difficult to solve thera simultaneously. Por simplicity, the current density 
is obtained approximately in the following mannc*. 

The poloidal magnetic field and the axial component of the velocity 
induce a radial electromotive force. If there are return current paths, the 
current will flow radially in the coolant. As the direction of the electromo
tive force is the same in every channel, the current caa flow back only 
through ribs between the channels as shown in Fig. 6.2.1-21, The electrical 
conductivity of the rib is low compared with that of the fluid, hence the 
current density in the fluid depends strongly on the conductivity of the 
rib. If the velocity is uniform, the radial current density in the coolant Is 
given as follows: 

^ " fffV T i T " (6.2.1-39) 

where o. is the conductivity of the coolant, u is the toroidal (axial) com-
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ponent of the velocity and B p Is the pololdal field Intensity. $ is the 
conductivity ratio, given by: 

(6.2.1-40) 

where a is the conductivity of the rib, t̂  Is the thickness of the rib and a 
Is the half width of the channel. 

Accounting for the nonuniform velocity profile, eddy currents will flow 
not only In the rsdlal direction, but also In the pololdal direction as is 
shown in Fig. 6.2.1-22, The poloidal current Intensity Induced by the poloi
dal field is denoted as follows: 

ip at rib surface » a fB p -p & . , (6.2.1-41) 
w 

If the half width of the channel a Is far narrower than the half width in the 
radial direction, i p' is small and we can neglect the effect of the pololdal 
current induced by the poloidal field. In the following, we assume that a Is 
infinitesimal in order to use a two dimensional model. Then the toroidal 
component of the electromagnetic force is given by: 

" ^ P = " °fBP u T T T " (6.2.1-42) 
w 

In addition to the intra-channel current paths described above, there are 
two possible global current paths which intersect several channels. The 
poloidal electromotive force which drives these global currents comes from the 
interaction of the toroidal magnetic field and the radial component of the 
velocity. The coolant flows toward the first wall at the inlet of the toroi
dal channel, and flows away from the first wall at the outlet of the toroidal 
channel. Therefore, the radial component of the velocity is In opposite 
directions at each end of the channel, which means the electromotive force 
acts in opposite directions. As depicted in Fig. 6.2.1-23, the current 
Induced at the Inlet of the toroidal channel can flow back in the neighborhood 
of the outlet. 

Because the toroidal channel is in contact with the polodlal header where 
the coolant velocity is very low, eddy currents can flow back through the 
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Figure 6.2.1-22 Eddy current with non-uniform velocity profile. 
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Figure 6.2.1-23 Eddy current in poloidal direction. 
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coolant In the header. These current partis are also shown In Fig. 6.2.1-23. 
As the electrical conductivity of both these return paths Is high, the polol-
dal current density is given approximately ae follows: 

l p - o ^ w (6.2.1-43) 

where w Is the radial component of the velocity and B-. Is the toroidal field 
intensity. The radial component of the electromagnetic force Is given by 

- i pB T- - cfB^, w (6.2.1-44) 

The Hartnann nuraber is defined as follows: 

Ha =» Ba/Oj/y (6.2.1-45) 

where B i s the transverse f i e l d i n t e n s i t y and a i s the channel ha l f width 

p a r a l l e l t o 8 . In the toro ida l channel of the reference blanket , the t r a n s 

verse f i e l d I n t e n s i t y , B p , Is 0.5T ani the channel ha l f width i s 12.5 mm. The 

po lo ida l (or transverse) Hartmann number Is ca l cu la ted t o be l arger £ban 

500 . The square of the Hartroann number denotes the r a t i o of the e lectromag

n e t i c force to the v i scous f o r c e . I t i s very l a r g e , which means that even in 

the toro idal channel, the e lectromagnet ic force Is dominant and v i s c o s i t y can 

be n e g l e c t e d . The bas i c equations (37) and (38) can be rewri t ten ae f o l l o w s : 

£ + f - ° (6.2.!-46) 
3 u , 3 u l j t o x , , , , / n u-r— + ws— •= -r̂ - (6 .2 . 1 -47 ) 3x 3z p Sx p 

C u 
Sw . 3W 1 jjp Z i *, t ia\ 

where 

Cx " a A T+f~ (6.2.1-49) 
•a 

Cz - ofh\ ( 6 . 2 . 1 - 5 0 ) 
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Calculatlonal Models 

Figures 6,2.1-24 and 25 show two different calculational models which are 
used to describe how the velocity profile develops. In Fig. 6.2.1-24, the 
coolant flows into the channel through an orifice at one end and out through 
the outlet at the other end of the channel. The direction of the inlet flow 
Is parallel to the channel. The constricted flow at the Inlet expands in the 
channel. In Figure 6.2.1-25, the coolant flows into the channel through a 
lateral opening at one end. The flow changes direction near the entrance. 

Equations (10)-(I2) are solved numerically using a finite difference 
method. The length of the channel is chosen so that the velocity near the 
first wall surface reaches more than 90% of the average velocity. The channel 
is divided into square meshes. The channel height d Is divided into ten 
meshes except in a few cases. 

Caiculational Results 

In both cases, the velocity profile at the point far away from the Inlet 
Is uniform due to the resistive force which is proportional to the velocity 
parallel to the channel. The rate of flow development is affected by the 
resistive force perpendicular to the channel. The flow must have a velocity 
component perpendicular to the channel when it is developing. The strong 
resistive force perpendicular to the channel delays the development. 

Figure 6,2.1-26 shows how the flow develops in the case with the flow 
entering parallel to the channel. The entry length depends on the ratio of 
the lateral resistive force coefficient, C , to the axial coefficient C , and 
the constriction ratio at the inlet d^/d. The resistive force Is sufficiently 
strong for inertia to be neglected, hence the entry length does not depend on 
the individual values of the coefficients, but depends on their ratio. Figure 
6.2.1-27 shows eh« effect of C /C on the velocity development near the wall 
on the opposite iiide of the inlet orifice in the case of dj/d'0.2. The 
lengths which are necessary for the velocity near the wall to reach certain 
values are shown In Fig. 6.2.1-28. The entry length is proportional to the 
square root of the ratio C 2/C x in the case with parallel inlet flow. Figure 
6.2.1-29 shows the effect of dj/d. The entry length is also proportional to 
dt/d. 
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Figure 6.2.1-24 Straight channel with inlet orifice. 

z = d 

I It M z = 0 

Outlet 

p = 0 

Inlet w = V. (constant) 

Figure 6.2.1-25 Straight channel with inlet bend. 
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Figure 6.2.1-26 Flow development in channel with inlet orifice. 
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Figure 6.2.1-27 Effect of C /c on flow development. 

* 



10.0 100.0 
c /c r x 

Figure 6.2.1-28 Effect of C, IC on entry length. 
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Figure 6.2.1-29 Effect of d^/d on flow development. 
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Figure 6.2.1-30 shows how the flow develops in the channel with a lateral 
inlet, shown in rig. 6.2.1-25. The entry length can also be expressed as a 
function of C z/C x and * /d in this case. Figure 6.2.1-31 shows the effect of 
C z/C, on the velocity development near the wall on the opposite side of the 
Inlet. The entry length is shown in Fig. 6.2.1-32. It is not proportional co 
the square root of the ratio C_/Cx in this case, but Is proportional to 
(C„/C ) 0*' 1 when C„/C„ is between 5 and 100. In the case of C,/C„<5, the flow 
develops in the neighborhood of the entrance. In the region of x<X there Is 
an inlet opening on one side of the channel, hence the velocity on the other 
side is strongly affected by the inlet condition. The velocity on the other 
side increases not only because of the flow development, but also because of 
the increase in the flow quantity in the channel in this region. When C 2/C x 

is larger than 5, the flow continues to develop downstream of the inlet 
region. The velocity near the wall increases because of the development. If 
the velocity profile at x=Jl, were not affected by C 2/C x, the entry length 
might be proportional to /C /C as it is in the case with the parallel inlet 
flow. Since the velocity profile at x=Jl. Is affected by C z/C x, the entry 
length is proportional to (C /(:„)* . Figure 6.2.1-33 shows the effect 
of l.li If the flow continues to develop downstream of the inlet region. 
Figure 6.2,1-34 shows an example of the velocity profile in the channel. 
When x/i. is large, the velocity profile has a peak near the second wall which 
has the inlet opening. 

Discussion 

In the results using the model In Fig. 6.2.1-23, the velocity near the 
first wall does not increase continuously, but increases with fluctuations In 
the neighborhood of x=i . The convergence of the numerical solution was not 
good near this point. The fluctuations depended on the mesh size used in the 
calculation. However, the downstream velocity profile converges well and did 
not depend on the mesh size. Hence the fluctuations are thought to be lgnor-
able in this study. They raay, however, have some effect on the result. The 
channel length may also affect the result. Further study is needed on this 
problem. 

We should stress the limitation of the applicability of the result. The 
result waB derived on the assumption that the polojdal current Induced by the 
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Figure 6.2.1-30 Flow development In channel with Inlet bend. 



1.0 -

0.5 

Figure 6.2.1-31 Effect of c /C on flow development. 
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Figure 6.2.1-33 Effect of y d on flow development. 
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Figure 6.2.1-34 Velocity profile. 



poloidal field and the gradient of the toroidal velocity component do not 
affect the flow development. If the channal has a finite width in the poloi
dal direction, we cannot neglect the effect. Let us examine the ratio of the 
pololdal current Induced by the poloidal field 1 ' to the pololdal current 
induced by the toroidal field 1 . The former can be denoted by eq. (41) and 
the latter by eq, (43) thus: 

i' B„ * 
_E> P * _ * ! * (6.2.1-51) 
i p ^ 1 + « w dz w 

The velocity gradient du/dz is represented by u^/d, where u^ is the average 
velocity. The radial velocity component w is represented by u.d/£ . where 
1 is the entry length and can be represented by d/C /C . Thus: 

i ' B„ <|> l a __^ 

IT ~B~ T~TV J " ~ t / V ( 1 + V (6.2.1-52) 
P T rw d 

Kence, if the above value is far smaller than unity, the result seems to be 
applicable. But the fully developed flow in a channel with a finite width has 
wall jets near the channel wall parallel to the aagnetlc field as was dis-
cusse' in Sec. 6.2.1.2. Since we neglect the pololdal current Induced by the 
polodial field, the fully developed flow is uniform and there is no wall jet 
in the result. The ca. culational model does not represent the flow in a 
channel with a finite width. In Fig. 6.2.1-24, we assumed that there is a 
free shear layer at x=0 and z=dj. In the free shear layer, • velocity 
gradient is high and we can neglect neither the pololdal current induced by 
the pololdal field nor the viscosity. The viscosity may also affect the 
result. The current may flow not only in the plane perpendicular to the 
toroidal direction but also in the toroidal direction. The phenomenon is 
essentially three dimensional. 

The analysis raade here Is preliminary; the results must be interpreted 
carefully. 

Evaluation of the Entry length in the Reference Blanket 

The design values of the reference liquid metal blanket are as follows: 
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toroidal magnetic field intensity Rj 7.5 T 
pololdal magnetic field intensity B p 0.5 T 
channel half width a 12.5 mm 
rib thickness t^ 3 mm 
channel length L 3.0 m 
channel depth d 45 mm 
entry length for u/u M- 0.05 0.58 m 
entry length for u/u m» 0.9 1.52 m 

The conductivity ratio $ Is calculated to be 0.06. The ratio of the resis-
w T, 

tive force coefficients C z/C x is calculated to be 4x10 . As the flow develop
ment in the case of C z/C x=4xl0 was not calculated, it is extrapolated using 
the results of lower C z/C x. Assuming that the entry length Is proportional to 
( C / O 0 * 4 when 10 « C /C < 4x10 the length which Is necessary for the 

& X Z X 
velocity on the first wall cooling surface to reach 50S of the full velocity 
is calculated to be l2.9d=0.58m. At 33.8 channel widths, or 1,52m downstream 
of the inlet, the velocity reaches 902 of the full value. The toroidal 
channel is 3m long. The above lengths cannot be neglected compared with the 
channel length. 

The channels in the reference design have a finite half width of 1Z.5 
mm. Equation (52) gives the value of the error current i'/ip of 0.066, which 
la small compared with unity. in the fully developed flow, wall jets exist 
near the first and second wall. The flow quantities in jets are calculated to 
be 2.52 and 0.6*2 of the total flow quantity. This is small enough such that 
the calculational results should be applicable to the reference design. 
However, the peak velocity of the wall jet may be high because the boundary 
layer may be thin. The phenomenon is essentially three dimensional. There
fore there still remain large uncertainties on the applicability of the 
result. 

The velocity profile In the toroidal channel is affected greatly by the 
Inlet condition as is shown in Fig. 6.2.1-29. The entry length decreases with 
decreasing nonuniformity of the inlet velocity profile. The Insulating parti
tions between the channels in the inlet bend reduces the HHD resistive force 
In the z direction greatly as was discussed in Section 6.2.1.2. In this case, 
the flow may be confined to a thin boundary layer neat the insulating wall 
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between channels. This effect nay cause another nonunlformlty at the inlet. 
We cannot conclude that the nonunlforalty In an Insulated channel is less than 
that in a non—Insulated channel until the phenomenon is calculated by a three-
dimensional eddy current/flow development code. Further consideration is the 
subject for a future study. 

Conclusions 
Flow development under angled magnetic field was discussed. It was 

assumed that the radial component of the electromagnetic force is given by 
-o,BI,w while the toroidal component is -a,B_u* /(1+A ). The entry length was 
shown to be proportional to the square root of the resistive force coefficient 
ratio, (B„./B„V(l+<j> )/<t> , if the inlet flow nonuniformity is not affected by T P W W 
the ratio. In the case with a 90° bend at the inlet, the entry length is 
proportional to the 0.4th power of the ratio. The ratio is very large in «;he 
reference liquid metal blanket, hence the entry length Is very long. The 
coolant flows mainly in the neighborhood of the second wall for a considerable 
length of the channel. 

The applicability of the above assumption was discussed. There still 
remain large uncertainties, hence further studies are needed on this problem. 
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6.2.2 Liquid Metal Thermal Hydraulics 

6.2.2.1 Introduction 

Thermal hydraulics considerations touch upon almost every aspect of 
blanket design, operation, safety, lifetime, etc. Temperatures in the blanket 
affect many phenomena, including (but not United to) tritium inventory and 
permeation, corrosion, first trail stresses and blanket heat recovery. For the 
analysis in this section, the Li/Li/V reference blanket from the BCSS was 
chosen*^1' This is a self-cooled liquid :etal blanket. Figure 6.2.2-1 shows 
the schematic of a sector of this blanket. 

In spite of its simple geometry and appearance, this blanket has the most 
unusual temperature conditions of all BCSS reference blankets. Each toroidal 
flow channel, for example, is surrounded by two other toroidal channels at its 
sides and several poloidal channels on its back, all of them at different 
temperatures. Another peculiar thermal characteristic of this blanket can be 
observed in the pololdal channels. Moving along the toroidal direction, half 
of the poloi'-;;l channels are colder than the other half by 50-100°C (those 
containing c.jiant before and after passing through the toroidal channels, 
respectively). 

Another special feature of this blanket is that it has both toroidal and 
pololdal coolant channels. As a result, at the bends, where polofaai channels 
connect to toroidal channels, the liquid metal must pass through the bend and 
cross lines of magnetic field. This yields unique behevior In pressure drop 
and velocity profiles which are dealt with in detail In Section 6.2.1. 

Liquid Metal Generic Thermal Behavior 

Blankets with liquid metals as coolants inherently possess their own 
generic thermal characteristics, some of which are described below. 

1. The entire length of the toroidal channels is in the thermal entrance 
region. This will result in more efficient heat transfer at the 
first wall which in turn leads to lower first wall temperatures than 
those predicted for fully developed thermal conditions. This also 
yields larger temperature gradients over longer portions of the first 
wall and a spatially varying heat transfer coefficient -
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Figuru 6.2.2-1 Schematic of poloidal/toroidal blanket (BCSS). 



2. Flow of liquid metals under magnetic fields are often laminar, as 
turbulence is suppressed by the magnetic field. This distinguishes 
liquid metal thermal hydraulics from that in other systems where 
turbulent flows are unavoidable. Although laminar, one has to be 
careful not to assume a conventional laminar velocity profile. 

3. It Is believed that unusual velocity profiles may exist in liquid 
metal flows under magnetic field, especially in regions where the 
flow has to bend, cross the magnetic fie'j lines or go through 
channels with varying flow areas. These unusual profiles could 
result in first wall temperatures much higher than expected, which in 
turn can cause poor blanket operation. Any uncertainty in velocity 
profiles could also reduce the usefulness of the experiments per
formed on "act-alike" teat modules. 

4. A substantial amount of heat is generated /olutnetrically in the 
liquid metal coolants. The obvious effect is that the coolant bulk 
temperature will be affected. The rather hidden effect of volumetric 
heat generation is in Its altering the temperature profile and In 
turn the heat transfer coefficient. It 1B believed that the presence 
of heat generation generally reduces the heat transfer coefficient 
and results in higher structural temperatures. 

It is essential for the proper understanding of liquid metal blankets 
that detailed thermal hydraulics studies be carried out. 

In this section, we first study the effects of velocity profile and 
volumetric heat generation on the first wall heat transfer. Then, the thermal 
entrance region will be analyzed. Streamwise conduction and its effect on 
coolant temperatures is investigated next. Thereafter, residual turbulence in 
coolants under magnetic field la considered. Finally, the effect of a pulsed 
heat source on thermal behavior of liquid metal blankets is studied, 

6.2.2.2 Velocity Profile and Volumetric Heat Generation 

As mentioned in the previous section, the velocity profile end the 
volumetric, heat generation are very Important to the considerations of the 
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overall thermal hydraulics of liquid metal blankets. The fact that their 
effects are not additive and behave In a nonlinear nanner makes these two 
parameters even nore important* The following la a list of assumptions made 
which also indicates the phenomena that were not considered In this analysis. 

1. The velocity profile Is assumed to be fully developed. However, the 
effect due to development of velocity profile la not negligible. 
This assumption was made to simplify the analysis. 

2. Analysis is performed for a 2-D flow, that is, flow between two 
Infinite parallel plates. 

3. Thermal boundary conditions are simplified to those of constant but 
different heat flux at each Surface. 

4. Axial (streamvlse) conduction is ignored. The effect of axial 
conduction is investigated later in this section. 

5. The blanket is operating under steady-state conditions. 

6. Flow is perfectly laminar. The effects of rasidual turbulence is 
studied later in this section. 

7. Fluid properties are assumed not to vary with temperature. 

Analysis 

Figure 6.2.2-2 shows the model used to analyze the first wall coolant 
channel. The surface heat flux at y " a, the plasma side, is a sum of the 
first wall heat flux and the heat generated in the first wall. The heat flux 
at the second wall, q , accounts for the heat generated in the second wall. 
The following assumptions are made. 

1. The coolant flow is laminar. This assumption is reasonable for flow 
of liquid metals under magnetic flow. 

2. The velocity profile is fully developed. 
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Figure 6.2.2-2 First wall channel hydraulics model. 
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3. The temperature profile is fully developed, that is 

|£ * fn(x) and ^ * fn(y). (6.2.2-1) 

The thermal entry length problem is treated separately in Section 

The energy equation for the flow described above may be written as 

(6.2.2-2) ST , 92T . • pc u — *= k — r + Q 
P ta 3y2 v 

with boundary conditions as 

1L 
"y=a 

and 
, 3T 

y=-a 

A set of nondimensional parameters are defined as 

(6.2.2-3) 

(6.2.2-4) 

n = y/a 

f = u/u.. 

C = cot/u.a 

*, a*/k 

Y* = q±a/2k w 

where /ijdnf - 2 

(6.2.2-5) 

(6.2.2-6) 

(6.2.2-7) 

(6.2.2-8) 

(6.2.2-9) 

Governing Eq. (6.2.2-2) with boundary conditions (3) and (4) are now written 
in terms of new dlmensionless parameters as 

,, . 3T 3 T . , (6.2,2-10) 
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|jf " ±2 T* (6.2.2-11) 

Overall Energy Balance 

An overall energy balance relates the rise In bulk temperatures to the 
total energy Input In the coolant flow as 

3 Tb % + "w + 2V 
I T ' p c U " 2 a (6.2.2-12) 

whe re 

T b - 4 f.y d T< f T (6.2.2-13) 

In terms of dlmensionless variables and using the condition of fully developed 
tenperature profile, Eq. (6.2.2-12) reduces to: 

^ - • g - y + + r " + x (6.2.2-K) 

Wusselt Number Definition 

Two Nuseelt numbers are defined based on the heat flux at the first and 
second walls, 

q* *a 
N u " 7 (6.2.2-15) 

and in terms of dimenslonless parameters 

(6.2.2-16) Nu* BY* 
T* - T, 
w b 

-

The Case of No Bulk Heating 

This Is the casti where X • 0 and is denoted by superscript o. Equations 
(6.2.2-10) and (6 ? . ' - '4) are redu-pd and combined to obtain 

6-76 



aV + -2-5- - (Y + Y ) H i ) . (6.2.2-17) 
3n 

Equation (6.2.2-17) may be Integrated twice while using boundary condition 
(6.2.2-11) to obtain 

. n n 
T°- T°~ - \.y~ + T") / dn f f dn - 2 T (n + 1). (6.2.2-18) 

w -1 -1 
At t h i s po int , Eq. ( 6 . 2 . 2 - 1 8 ) nay be replaced In the bulk temperature d e f i n i 
t i o n , Eq. ( 6 . 2 . 2 - 1 3 ) , to c a l c u l a t e T f c as 

I 
T° - T? - 2Y~ + Y" T fn dn 

W D , 

+ - 1 ri n 
- T- •-• T f dn f f dn f f dn. ( 6 . 2 . 2 - 1 9 ) 

1 -1 -1 -1 

To c a l c u l a t e T - T ° . Eq. ( 6 . 2 . 2 - 1 8 ) Is evaluated at rrl and then combined w b' 
with Eq. ( 6 . 2 . 2 - 1 9 ) to e l iminate T° . 

. 1 n 1 
T0 1" - T° = (Y + Y > / dn / dn f - 2 Y + Y / fn dn 

w " - 1 - 1 -1 
+ - 1 n n 

- T . T r dn f / dn / f dn. (6.2.2-20) 
^ - l -1 -1 

Finally, Nusselt numbers at the first and second walls nay be calculated by 
substituting Eqs. (6.2.2-19) and (20) Into Eq. (6.2.2-16). He use a subscript 
a on the Nu to denote the case with no heat generation. 

l/Nii* = 1/4 - I,/8 - I. (q*/q* - D/16 (6.2.2-21) 
O I 1 V W 

where I, defined as: 

1 n n 
I - r dn t f dn f f dn. (6.2.2-22) 

1 -1 -1 -1 

Equation (6.2.2-21) can be compared with results for Uniting cases available 
In the literature. For slue flow In which Tj-4/3, the following two cases as 
calculated are consistent with the results of Hartnett and Irvine.' ' 
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Nu* - 12 If q ^ - qw~ (6.2.4-23) 
and 

Nu£ * 6 If q ~ • 0 (6.2.2-24) 

For the case of parabolic velocity profile, where Ij - 1.0286, the following 
results compare favorably with the results of Kaye.^ ' 

and 
Nu* - 8.235 if q + » q " (6.2.2-25) 

° W V 

No* » 5.385 If q " « 0 (6.2.2-26) 

The Case tilth Bulk Heating 

For the case with heat generation, Eqs. (6.2.2-10) and (6.2.2-14) are 
combined to obtain 

32T/3n2 = (/ + Y*" + 3k)f - X. (6.2.2-27) 

h solution af the following form Is adopted. 

T(c,n) - T°(e,n) * Bin) + H (6.2.2-28) 

In Eq. (6.2.2-28), it, Is added to account for temperature rise due to bulk 
heating and satisfy Eq. (6.2.2-14), 0(n) Is added to account for the effect 
of <J on the temperature profile. Equation (6.2.2-26) may be replaced in Eq. 
(6,2.2-27) while using Eq. (6.2.2-17) for T° to obtain 

d29/dii2 - X(f - 1) (6.2.2-29) 

with the boundary conditions that 

3T/3ti « 3T°/8n at n * -] and 1 (6.2.2-30) 

This leads to the relation 

30/Sn - 0 at n - -1 and 1. (6.2.2-31) 
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Equation (6.2.2-30) represents the fact that the surface heat flux at the 
first and second walls are set by boundary conditions (3) and (4) and do not 
depend on the presence of heat generation. Equation (6.2.2-29) may be Inte
grated twice from -1 to n while using Eq. (6.2.2-31) to obtain ©as: 

n n 
0 - e~ - x I dn f (f-l) dn. (6,2.2-32) 

" -1 -1 
The temperature profile, Eq. (6.2.2-28), may now be written as 

" n 

T = T° + Xr. + 6 - if do/ dn(f-l) (6.2.2-33) 
W -1 -1 

S i m i l a r l y , bulk temperature i s ca lculated by s u b s t i t u t i n g Eq. ( 6 . 2 . 2 - 3 3 ) in 

Eq. ( 6 . 2 . 2 - 1 3 ) 

T, = T? + \C + e" - XI, ( 6 . 2 . 2 - 3 4 ) 
b o w / 

where another multiple integral has been defined as 

1 = f !l dn f / d n f (l-f) d n. (6.2.2-35) 
- 1 - 1 

F i n a l l y , T - T. and T~ - T. are ca lcu la ted by using Eqs. ( 6 . 2 . 2 - 3 3 ) and 
W D W D 

(6 .2 .2-34) as 

r~ - T . » T°" - T° + XI, ( 6 . 2 . 2 - 3 6 ) 
w b w b 2 

T + - T. - T 0 + - T? + XI, + X f dn / ( f - D dn. ( 6 . 2 . 2 - 3 7 ) 
V b w b 2 _ i _ i 

Nuaselt numbers at both w a l l s are ca l cu la ted from the ir d e f i n i t i o n as 

1/Nu* = 1/Nu* + U 2 + I j X ^ a / q * ) / * ( 6 . 2 . 2 - 3 8 ) 

where 13 i s defined as 

, ±1 TI 
I , - / dn / ( f - l ) dn ( 6 . 2 . 2 - 3 9 ) 

J - 1 - I 

Nu Q in Eq. (6.2.2-38) may be replaced from Eq. (6.2.2-21) to obtain a general 
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relation for Nusselt number as 
1/Nu* - 1/4 - Ij/8 - I,(<!*/<£ - D/16 

+ (I 2 + IgH^a/q^)/* . (6.2.2-40) 

A special case of Eq. (6.2.2-39) (qw = q~) may be compared with the 
results In the literature. For a parabolic velocity profile (in which Ij = 
1.0286, I 2 - 0.0857, and I 3* - 0), Eq. (6.2.2-39) reduces to 

1/Nu =• 1/Nu + (3/140)(Q a/q ) (6.2.2-41) 
o v tf 

which is identical to the results obtained by Sparrow.^ ' 

Results 
To present the results, the first wall channels of the 1.1/Li/V reference 

blanket were analyzed. Table 6.2.2-1 lists the numerical values of the 
relevant parameters for this blanket • 

Due to lack of detailed knowledge of velocity profiles in the toroidal 
first wall channels, and due to predictions that the velocity profiles might 
not be uniform at all or even symmetric, several different velocity profiles 
including slug, Couette, parabola, power and gaussian relations are examined. 
The power relation velocity profiles are shown in Fig. 6.2.2-3. The general 
formula is 

~~~ f -^TT f l " <y / a> n' (6.2.2-42) 
b 

The parameter n is introduced where n • 2 is the parabola and n * » is the 
slug velocity profile. Gaussian velocity profiles which are shown In Pig. 
6.2.2-4 have the general formula as 

f - 8 ( ? / a + n _ ( e - . ZJL 1 . (6.2.2-43) 
, -B£ 2 V I - e - s c 

It Bhould be stressed here that Eq. (6.2.2-43) Is not the result of any 
analytical consideration. It simply is an algebraic fit (with certain condl-
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Table 6.2.2-1 Specifications of the First Wall Channels 
of the Li/Ll/V Reference Blanket 

First wall thickness, mm 7.5 
Second wall thickness, mm 15 
Coolant channel width, 2a, mm 45 
Heat generation in vanadium, 6 v , MW/ar 25 
Heat generation in lithium, Q^ ,, MW/m 3 25 
Surface heat flux, q s, MW/n 0.5 
y dimensionless surface heat flux 45.76 
Y dimensionless surface heat flux 274.5 
1 dlmenslonless volumetric heat generation 274,5 
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Figure 6.2.2-4 Gaussian velocity profiles with a skewing factjr s. 
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tlons on the values at the bour.uarlee and on the integral of u) to help us 
investigate the effects on the first wall heat transfer of any peculiar 
velocity profiles. 

Velocity Profile and Heat Generation 

The results of Investigations on the effect of velocity profiles and heat 
generation are condensed in Figs. 6.2.2-5 and 6.2.2-6. In these figures, the 
abscissa docs not represent a quantitative parameter. Rather, it presents the 
velocity profiles from Figs. 6.2.2-3 and i In i progression of increasing 
nonuniformity. It starts with slug flow (n + »). Thereafter, the parameter n 
in the power relation velocity profiles decreases down to n • 2 for parabolic 
profiles. At this point, the abaclssa is switched to represent the Gaussian 
velocity profiles, starting with s skewing factor s - 1. Figure 6.2.2-4 
demonstrates the fact that s » 1 is symmetric and very close to a parabolic 
pirifile. Thereafter, tiv> skewing factor increases and with it the profile 
becomes more asymmetric. It should also be noted chat there are two velocity 
profiles for each skewing parameter—one with the velocity peaked near the 
first wall -\ni the other near the second wall (one being the mirror linage of 
the other). 

The ordinates in Fige. 6.2.2-5 and 6.2.2-6 are the inverse Kusselt number 
and the difference between the wall temperature and the coolant bulk tempera
ture. It le very important to note that the values for temperature differ
ences in these figures are those for fully developed flow. While the actual 
temperature differences for the toroidal channel may be up to two to three 
times smaller (since it is in the entrance region), the relative magnitude of 
the Nusselt numbers and temperature differences should remain more or less the 
same as the velocity profile and heat generation are varied. 

Figures 6.2.2-5 and 6.2.2-6 show the heat transfer results for the first 
wall and second wall, respectively. It is noted from Fig, 6,2.2-5 that the 
first wall temperature Increases only moderately aB the velocity profile 
changes from slug flow all the way to parabolic. The first wall temperature 
increases drastically, however, as the velocity near the second wall increases 
with the skewed profiles. This kind of behavior (higher velocity near the 
second wall) is predicted to happen in the toroidal first wall channels. It 
can be Beer, that even a moderately sVewed profile (s = 3) increases the first 
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wall temperature by a factor of two, which is nore than enough to close the 
blanket design window. One potential solution that has often been suggested 
is to somehow direct more of the coolant near the first wall, e.g., by Instal
ling guide plates at the entrance of the toroidal channels. This is the case 
of Gaussian profile with higher velocity near the first wall. Figure 6.2.2-5 
shows that this quickly reduces the first wall temperature as expected. 
Figure 6.2.2-6, however, shows a drastic Increase to the extent that the 
blanket may fail due to large second wall temperatures. There is, however, a 
very small window of skewed velocity profiles (s « 1 or 2 with peak velocity 
near the flr3t wall) that successfully reduces the first wall temperature 
while moderately increasing the second wall temperature. 

The effect of heat generation on the flrBt and second wall heat transfer 
are also included in Figs. 6.2.2-5 and 6.2.2-6. The heat generation affect is 
Identically zero for slug flow. It starts to grow as the velocity profile 
approaches a parabola but is still email and about a few percent. The heat 
generation effect, however, quickly increases as the velocity profile is 
skewed. It can be seen from Fig, 6.2.2-5 that this effect can get as high as 
30% for a moderate skewing factor of s - 4. This effect can be even higher 
for the second wall as can be observed from Fig. 6.2.2-6. 

6.2.2.3 Entry Length Considerations 
The entry length consideration is only for temperature profiles. The 

velocity profile is assumed to be fully developed although this is likely to 
be incorrect for some blanket geometries in which the hydrodynamlc entry 
length is long. The energy equation governing the coolant temperature is: 

2 2 „2 3T , - 3 T . 3 T . 3 T * . . . /,**.. ^ p c u — = k (—- + — - + — - ) + Q . (6.2.2-44) 
H 3x 3y 3z 

Ana3ytical treatment of Eq. (6.2,2-44) is straightforward, yet algebraically 
Involved and cumbersome. First, a simple case of 2-D flow with no heat 
generation Is treated analytically. Then the more general case of Eq. (6.2.2-
44) is investigated numerically. 

Analytical Treatment 
There are two important differences in heat transfer mechanisms in non-
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conducting coolants and In liquid uetals. First, the very low Prandtl number 
of liquid metals implies that corduction makes an Important contribution to 
the heat transfer from the wall to the bulk fluid. Second, eddy diffuslvity 
due to velocity fluctuations 1B all but eliminated due to the suppression of 
turbulence by the strong magnetic field. The net result of these two factors 
Is that thermal diffusion dominates the heat transfer. This leads to long 
thermal entry lengths. 

The length scale for temperature profile development can be estimated 
from the ratio of the fluid residence time to the cross channel conduction 
time, i.e., the Fourier number: 

Fo - - ^ - - ax/4a2u (6.2.2-45) 
4a la 

where x i* the coordinate along the channel length, a Is the channel half 
width, u is the fluid velocity, and a Is the thermal dlffusivity. The crite
rion for fully developed temperature profiles is that the coolant resides in 
the channel long enough for conduction across the channel to take place, or Fo 
> I. For values of a, a, and u In the reference design, the entry length is 
of the order of 100 m. Since the typical channel length in a fusion blanket 
is the order of meters, the temperature profiles are always far from being 
fully developed (or Fo « 1 ). 

The fact that conduction dominates cross-channel heat transfer also 
allows a simple, analytic solution for the temperature profiles. Examination 
of the development of the temperature profiles provides insight Into blanket 
behavior and importint information for scaling. The Nusseit number is used as 
a simple composite indicator of the temperature profiles. The Nusselt number 
is defined by the expressions: 

q = h (T - T. ) (6.2.2-46) 

V w b 

Tb-7a ' o a T d * (6.2.2-47) 

Nu - 4ha/k (6.2.2-48) 
The temperature profiles and Nusselt numbers have been obtained in a 
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simplified geometry to demonstrate the entry length effects. The 2-B steady 
state convection equation for two Infinite parallel plates (see Fig. 6.2.2-7) 
is easily converted Into a 1-D transient conduction equation when the velocity 
profile is flat, or slug flow, and there is no internal heat generation. 
Using the transformation dx - udt, 

2 
pcu~-k-2-|. (6.2.2.49) 

becomes 
2 

j £ - fliT (6.2.2-50) 

The time coordinate now represents the distance which the slug of fluid has 
traveled along the channel. With the Initial condition T(0,y) - Tfl and 
constant heat flux Into one side of the channel, this equation is easily 
solved. The solution is: 

T(t,y) - ̂ < v 2 • 2.t) + c o * T C t icos(ff ) ,"" » ̂ 4 a 

(6.2.2-51) 

where the constants c n are given by 

Solutions are plotted in Fig. 6.2.2-8 for Fourier numbers of 0.05, 0.1, 0.15, 
and 0.2. 

The Nusselt number is obtained from the definitions above as: 

m r! - l J^-™ 2* 0 * l -4n 2F° 2 -9ir2Fo . ,.-1 
2 , 1 (6.2.2-53) 

The drop in Nusselt m>.nber as a function of distance into the channel Is 
plotted in Fig. 6.2.2-9. As an example of the heat transfer regime of a real 
blanket, the exit of the toroidal channels of the BCSS reference design has a 
Fourier number of 0.02. 
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Numerical Treatment^ 

numerical techniques fox 2-T> or 1-D convective flovB are not alwayB 
unique or stable. In addition, there are not any numerical package codes for 
convection as opposed to several well known all purpose conduction numerical 
packages. Therefore, a conduction code was enployed to solve the lamlnarlzed 
convective flow problem. This technique nay be used in any situation with 
laminar flow. 

One approximation is needed in order for this technique to be validi 

streamwise conduction must be negligible. That is, 

2 2 2 -2-1 « ^4+-^. (6,2.2-54) 
3x* 3y te 

Streamwise conduction and its effects on the thermal solution of this problem 
will be investigated later in Section 6.2.2.4. A normalized velocity distri
bution f may be defined as 

f(y,z) = u(y,z)/ub (6.2.2-55) 

At this point, a pseudo time can be defined as 

t = x/u,. (6.2.2-56) 
V b 

The distribution function f(y,z) may be added to the product of pc as 
r 

•p"c~ (y,z) •= pc p f(y,z) (6.2.2-57) 

where a modified pc that varies throughout the medium has been introduced. 
After Incorporating Eqs. (6.2,2-54) through (6,2,2-57), Eq. (6.2.2-44) may be 
rewritten as 

2 2 
P c T l r - - k < i T + - 2 T> + <L (6.2.2-58) 

p P 3y 3z 

wr'ch is identical to a 2-0 transient conduction equation. So, in summary, 
the steady-state convection problem (including entrance region effects) hat. 
been converted to a transient convection problem by Introducing an artificial, 
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spatially dependent heat capacity function. 

Boundary Conditions 
The transformation of boundary conditions cc Che new coordinates is 

straightforward. Even boundary conditions that are varying In the direction 
of flow (x-dî -JC'cion) are treated easily. They sicply become time dependent 
boundary conditions In the new system. In summary, the following are the 
features of conduction treatment of the convection problem: 

1. Any geometry may be handled just as in the Btandai' finite element 
conduction codes. 

2. Boundary conditions varying with flow direction are treated easily. 

3. Three-dimensional heat generation and fluid properties should pose no 
additional complications. 

Results 

As discussed earlier, temperature profiles throughout the entire toroidal 
first wall channel are in the entry length region. This results in heat 
transfer coefficients which vary considerably and are higher that predicted 
for fully developed flow. Figure 6.2.2-10 shows the entrance region Nusaelt 
numbers for several different velocity profiles. In this figure, the Nusselt 
numbers are normalized by their fully developed values for two reasons. 
First, It is possible to estimate how fast the profiles are developing since 
all the curves go to unity. Second, being normalized to their fully developed 
values, any differences in the normalized Nusselt numbers are directly attri
buted to the nonlinear effects of the entrance region, heat generation, and 
velocity profiles. The results for fully developed Nusselt numbers will be 
presented and discussed later. It is seen from Fig. 6.2.2-10 that all of the 
Nusselt numbers start very high at the entrance point and drop more or less In 
a similar fashion. It is also observed that the normalized Nusselt number for 
all velocity profiles except slug flow are very close and that slug flow 
delivers the longest entry length. The exit location of the BCSS reference 
blanket is shown in the fi-jure. tt basically reaffirms the fact that the 
entire blanket is In the entrance region and that the average Nusselt number 
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in the toroidal channels can be as high as two to three times the fully 
developed Nusselt number, depending on the velocity profile. 

6.2.2.4 telal Conduction 

Introduction 

Axial (streaawiae) conduction can alter the temperature profiles in the 
coolant channel. It is usually negligible in must ordinary convection prob
lems, and thus neglected. However» axial conduction effects can be signifi
cant in low velocity, high thermal conductivity liquids. The situation in the 
toroidal and poloidal channels of the Ll/Li/V reference blanket Is with both 
low velocity (high MHD pressure drop) and high thermal conductivity (liquid 
metal). Since the axial conduction effect was neglected in the thermal 
analysis of first wall channels, its importance is examined in this section. 

Another motivation for this investigation arises from the design of act-
alike test modules. It is important to know the magnitude and functional 
dependency of axial conduction in order to successfully design an act-alike 
module. 

Modelling 

Axial conduction can be modelled in a simple fashion.' ' Figure 6.2.2-11 
shows such 3 model. In the case where the surface heat flux is constant, all 
coolant temperatures including the bulk temperature increase linearly along 
the direction of flow. This results in a constant axial heat flux which in 
turn increases the bulk temperature. The effect of axial conduction c-t." be 
seen through a simple energy balance 

TT^7"^b • (6.2.2-59) 
out in p D 

where T Q and 1^ are the coolant bulk temperatures with and without axial 
conduction respectively. Bulk temperature without axial conduction Is simply 
related to inlet and outlet temperatures as 

T£ = O - x/L) T l n + (x/L) T o u t (6.2.2-60) 
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Heated Region 

Figure 6.2.2-11 Axial conduction model. 
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Numerical Result 

Equation (6.2.2-59) may be evaluated for the Ll/Ll/V reference blanket. 
For a typical toroidal channel, Eq. (6.2.2-59) yields 

S _b 46.1 W/nK 
8 5 K (503 kg/m 3) (4230 j/kg) (1 m/s) (2 a) 

T b ~ T b = 9' 2 x 1 0" 4 K ' (6.2.2-61) 

The correction to the coolant bulk temperature Is extremely small and will 
remain so even for substantially smaller coolant velocities. 

6.2.2.5 Effects of Residual Turbulence 
A simple analysis of the impact of residual turbulence was performed in 

order to ensure the validity of the nany results of this and other sections 
which depend on the assumption of flow larainarlzatlon. It has been observed 
In experiments that after entering a region of magnetic field, a liquid metal 
retains a level of turbulent fluctuations which may be as high as u'/u = It , 
even in very high magnetic fields.* '' J.n addition, there may be sources of 
turbulence within the blanket which enhance this effect. The presence of 
turbulent fluctuations will enhance heat, mass, and momentum transport. The 
relative importance can be acertained by comparison with the laminar transport 
mechanisms. 

The turbulent transport terras from the heat and uomentura balance equa
tions are usually expressed as 

^ = '„ § (6.2.2-62) 

^T^ - % g (6.2.2-63) 

where u' and v' are the fluctuating values of velocity and e and e.are the 
m n 

momentum and heat eddy diffusivities respectively. Eqs. (6.2.2-62) and 
(6.2.2-63) can be Interpreted as definitions of the heat and momentum eddy 
diffusivities. The ratio of turbulent and laminar heat transfer, qt/qj» can 
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be written as: 

q E, E £ 

where E is the ratio of eddy diffuslvities - a quantity which has been 
studied semiempirically and Is known as a function of Pr. E is less than 
unity in liquid metals because the high thermal conductivity results in 
equilibration of the temperature gradients within the eddy before the eddy 
exchanges the high and low temperature fluid elements. 

Next the velocity fluctuations are assumed to be uncorrelated, so u'v' is 
approximated as u' , 

(6.2.2-65) 

(6.2.2-66) 

m ' U' 
2 1 
du/dy 

= u /«. we obtain 

qt E 
e 

u<2 

• u 
a 

1 
ql a du/dy • u 

a du/dy 

q t 
"l " 

•• R e Pr f 2 E 'du/dyJ (6.2.2-67) 

For u/d = du/dy, Eq. (6.2.2-67) gives values of qt/qi of about 3xl(T3. This 
indicates that the contribution of eddy diffusivity to heat transfer is 
small. Near the wall, du/dy is likely to be very large, making the ratio even 
smaller. 

6.2.2.6 Effects of Pulses 

Pulsed neutror. wall load directly affects the blanket temperatures. As 
discussed in Section 6.2.2.1, several phenomena are either driven by or 
dependent on blanket temperature, for example, first wall stresses, tritium 
permeation and inventory, corrosion and heat recovery. In this section, the 
effects of pulses or. thermal behavior of the liquid metal blankets are inves
tigated. 

The investigation on pulsed operation may be useful to the ful-1. scale 
reference blankets as well as to the operation and design of the act-alike 
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test modules. It is useful for reference blanket to the extent that It would 
address some of the Issues related to reactor startup and shutdown. The main 
notivation, however, comes from the fact that act-alike test modules may 
operate in devices with pulsed neutron wall loads. 

A test module will act differently under pulsed conditions. The coolant 
and structure temperatures will generally be reduced and will always oscil
late. This nay severely reduce the usefulness of the results of th« test for 
which the module has been designed. To avoid this, therefore, the effects of 
pulses are examined. This in turn means better interpretation of the results 
obtained from experiments performed on test modules. As a result of this 
investigation, it is expected that limits will be observed on major device 
parameters (in this case, pulsed conditions) beyond which the test modules are 
not close enough to true act-alike modules. 

Analysis 

The following assumptions are made in the analysis of the effects of 
pulses. 

1. Steady hydrodynamics, i.e., no time-dependent velocity, pressure, 
etc. 

2. Axial conduction in the coolant and blanket structure is negligible 
and ignored. 

3. Pulses for neutron wall load and surface heating are square (no 
startup/shutdown periods). 

Assumption 3 is made in order to simplify the analysis and the presen
tation of results and should not cause any significant error as long as 
startup and shutdown times are small compared to blanket characteristic times 
and to burn acid dwell times. 

The Li/Li/V reference blanket has been chosen for this investigation. 
Figure 6.2.2-12 shows a schematic of the toroidal and poloida? channels in the 
order that the coolant passes through them. Of course, the Jeng'.hs of the 
poloidal channels before and after the toroidal channels can vary depending on 
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Height, cm 
Width, cm 
Length, cm 
Velocity, cm/s 
Coolant Temp. Range, °C 
Coolant Residence Time, s 

"1 » 
35 cm m- 45 on -

1 
Toroidal Poloidal 

1 
Toroidal Poloidal 

35 4.5 35 
25 82.1 25 
490 302 490 
41.9 103.3 41.9 
300/382.5 382.5/467.5 467.5/550 
11.7 2.9 11.7 

Figure 6.2.2-12 Schematic of the toroidal and poloidal 
channels in the T.i,'Li/V reference blanket. 



the location of the toroidal channels. The total length of the poloidal 
channels, however, does not depend on this location and is constant. In Fig. 
6.2.2-12, the case of equal portions of poloidal channels is shown. This 
figure also includes some statistics on the poloidal/toroidal channels. 

Solid Breeders vs. Liquid Metals 

Solid breeders and self-cooled liquid metal breeders behave fundamentally 
differently under a pulsed environment. One major difference Is in their heat 
removal mechanisms. In solid breeders, the heat which is generated in the 
solid must be conducted through the solid and converted away by the coolant. 
In self-cooled liquid breeders, the majority of the heat is deposited directly 
Into the coolant and then carried away ct the the coolant flow rate. It is 
clesr that a pulsed environment affectB the thermal condition of self-cooled 
liquid breeders much faster than that of solid breeders. 

Blanket Characteristic Times 

Before analyzing the effects of pulses, It is appropriate to identify all 
the blanket characteristic times. A list of such tines is given below. 

(1) Coolant Residence Time. This is the tine it takes a fluid particle 
to travel through the blanket. This is a very important time constant since 
it is an indication of the thermal memory of the blanker. For example, if the 
fusion power is suddenly cut, after the r3Sldence tine haB elapsed, the 
blanket completely forgets that the power was ever on (only thermally, and 
neglecting after heat generation). The coolant residence time is given by: 

t » E ^Ai.. * = channel segments (6«'-.2-68) 

The residence time, as shown in the equation, is for the coolant exit location 
(x - L). It 1B different for each location In the blanket with its minimum 
value (;iero) at the coolant entrance and maximum value at Che coolant exit. 
It is noted that a short residence is in conflict with low blanket pressure 
drop since the latter requires higher velocities while the former needs lover 
velocities. 

(2) Coolant Conduction Time. this Is the time It takes the coolant 
teoperature profile across the channel (perpendicular to the flow direction) 
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to become quasi-steady. This time constant Is given by: 
t - a 2 Ja. ,„„,. {6.2.2-S9) 
c channel coolant 

where a is the thermal diffusivity. 

(3) first Wall Conduction Time. This Is the time it takes any thermal 
Information to diffuse across the first Trail (same as time necessary for the 
first wall temperature profile to become quaBi-ateady), This time Is given by 

t„ - al/a, . (6.2.2-70) 
fw fw fw 

(4) First Wall Temperature Rise Tine. First wall temperature level is 
the product of a balance between heat generated in and transferred to the 
first wall and heat transferred from the first wall to the coolant. As soon 
as any element of this balance changes (such as pulsed heat generation), a new 
balance state (first wall temperature) is achieved. This is the characteris
tic time required to achieve the thermal balance. This time constant is given 
by 

t = (pc a), /h l a„„. (6.2.2-71) 
tr p fw coolant 

As expected, the first wall with higher thermal capacities will yield longer 
temperature rise time. 

Evaluation of Time Constants 

Table 6.2.2-2 lists the numerical values for various time constants 
identified above and calculated from Eqs. (6.2.2-68) through (6.2.2-71). The 
following observations can be made with respect to the numerical values in 
Table 6.2.2-2. 

t. Coolant residence time, which is the most Important time constant, Is 
rather short, especially for the toroidal channels. 

2. Coolant conduction time ia not a determining factor. Its relatively 
high value compared to residence time, however, indicates that the 
coolant temperature profile never fully develops. This is in 
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Table 6.2.2^2 Numerical Results for Various Time Constants 
In Liquid Metal Blankets (In seconds) 

Coolant residence time 
Total 26.3 
Toroidal channel 2.9 

Coolant conduction time (1 to flow) 23.4 
First wall conduction time 3,1 
First wall temperature rise 14,8 
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agreement with our statement in Section 6.2.2.1 that the entire 
coolant channel Is In the thermal entrance region. 

3. Firat wall conduction time is short, meaning that a quasi-steady 
first wall temperature profile is very easy to achieve. 

Solution Methodology 

The goal Is to calculate the thermal response of a blanket under time-
dependent loading. Fortunately, the basic energy equation, including conduc
tion and convection, is linear with respect to volumetric heat generation. As 
a result, the system response to a step function heat generation may be appro
priately integrated to obtain tha response to any time-dependent neutron wall 
loading. 

For the purpose of illustration, a single coolant channel with mnstant 
cross section is considered here. The extension to the actual geometry shown 
in Fig. 6.2.2-12 should be straightforward. Figure 6.2.2-13 shows the thermal 
history of a fixed location in the coolant for a step change in wall loading. 
It starts with the coolant inlet temperature and increases linearly with 
time. As expected, the temperature reaches Its steady-state value after the 
residence time has elapsed and thereafter stays constant. Here only square 
pulses are considered. Figure 6.2.2-14 shows how one pulse may be broken into 
two step functions. It also shows the temperature response to one pulse. 
Naturally, in the real case where there are several pulses, the response toe 
ach is calculated and summed up to obtain the system's response to the pulses. 
Such a response to a typical set of pulses is shown in Fig. 6.2.2-15. The 
burn and dwell times here are normalized and given in terns of the residence 
time which, in fact, is the system's thermal characteristic time. 
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t R = Residence time 

t R Time 

Figure 6.2.2-13 Blanket thermal response to a step 
change in neutron wall load. 
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Figure 6.2.2-14 Principle of superposition and blanket 
thermal response to one pulse. 
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Figure 6.2.2-15 Coolant thermal response to a pulsed 
neutron wall load. 
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6.2.3 Corrosion 

6.2.3.1 Over v Jew 

Corrosion In liquid metal blankets has been identified as a critical 
technical issue in the development of liquid metal blanket technology.'^ The 
problems of corrosion include (1) transport and deposition of activated corro
sion products to other subsystems (heat exchangers, piping, etc.), (2) rede-
posit ton of (activated) corrosion products in the heat exchanger and other 
cold parts of the primary cooling system, and (3) physical thinning and mate
rials damage to load bearing structural material. For these reasons, corro
sion is a critical phenomenon which must be considered for interactive testing 
of fusion blanket technology. 

6.2.3.2 Corrosion Mechanisms and Processes 

Liquid metal corrosion mechanisms are near-surface interactions by which 
the physical characteristics of a structural Interface are altered by a chemi
cal reaction with and/or through a liquid metal environment. 

In general, corrosion is a stepwise process in which the reactants of 
chemical reactions are first transported Co a solid/liquid interface. Next, 
the corrosion reactions occur at the interface, and then in the last step the 
products of the reactions are transported away from the interface. These 
steps are coupled in series and constitute a "resistance" to mass transfer, as 
shown in Figure 6.2.3-1. The rate of physical transport of the reactants to 
the interface Is determined by a diffuslve/ccmvective process (resistance 
R D ) . The rate of the chemical reaction Is governed by a chemical kinetic 
process (resistance % ) • 

Two basic types of corrosion reactions occur simultaneously in liquid 
metal systems: atomic dissolution and impurity reactions. In atomic dissolu
tion, the structural constituents enter the liquid metal from the solid liquid 
interface without reacting with other atoms in the liquid metal. The reaction 
for atomic dissolution is given by 

S(SOLID)* S O M ) (6.2.3-1) 
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Figure 6.2.3-1 Schematic diagram of liquid metal corrosion. 
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where S is the structural element and subscript (tM) denotes elemental solu
tion In a liquid metal. The mass transfer Is driven by the difference In 
constituent solubility st the interface and the concentration In the liquid 
metal environment. In addition, the chemical solubility of the constituents 
depends on system temperatures; therefore, the presence of temperature gradi
ents can enhance or hinder the mass transfer. 

Interallo/lng is an interesting by-product of atomic dissolution. Struc
tural species dissolved in one section of the system loop may be transported 
via the liquid metal coolant to another Bection where the local structure and 
foreign metal species combine or alloy. The degree of lnteralloying is highly 
dependent on the particular system temperature distribution and composition. 
Ammon^ ' gives a fairly complete doscription of the interalloylng process. 

The interaction of interstitial impurities (impurity reactions) such as 
oxygen, nitrogen and carbon, from the coolant or structure with the structure 
has been found to be the major source of material degradation In some liquid 
metal systems."' Impurities can enter the system either from the liquid 
metal or from the structural alloys themselves. These so-called impurities 
can react at the interface to form complex lntermetalllc compounds. A sample 
reaction is given by 

S(SOLID) + ^ L M ) * SI(SOLID or LM) (6.2.3-2) 

where S is the structural element and I is the impurity element. These pro
duct compounds are either highly soluble or adhere loosely to the surface and 
tend to easily dissolve or spall off into the coolant, thus enhancing the 
corrosion rate. The degree of the reaction and the Importance of Impurities 
are temperature dependent and become more Important at elevated temperatures. 

Unlike atoalc dissolution, impurity reactions require the presence of 
"foreign" species other than coolant and structure in order to o.cur, "he 
level of Impurities will depend on the specific alloys used In and out of the 
blanket, the presence of a coolant purity control system, and the system 
temperature distribution in and out of the blanket. 

The kinetics of the dlssolutlve reaction are simpler and better under
stood than tvose of the more complex impurity reactions. In some cases the 
actual complex corrosion products and reaction kinetics are not known. For 
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most disBolutlve reactions, the products are known, but for some alloys, 
particularly vanadium, even diasolutive reaction kinetics data are scarce. 

Once foraed, corrosion products from either dissolution or impurity 
reactions must diffuse through the concentration boundary layer to the free 
stream. Uncertainty exists in the diffueive/convective transport of species 
between the bulk fluid and the interface. These uncertainties are dun primar
ily to incomplete information and understanding of the local velocity profiles 
in and out of magnetic fields, and transport properties of the species and 
liquid metals. 

Unknown Interactions Include the direct Impact of magnetic field, induced 
electric currents and out of blanket constituents on the overall corrosion 
process. 

The relative importance of each mechanism, dissolution or Impurity inter
action described ie system specific. Austenitlc stainless steels are domina
ted by dissolution mechanisms. Vanadium and its alloys are primarily limited 
by impurity interactions, Ferritic stainless steels seem to be somewhere 
between dissolution dominant and impurity dominant In nature. 

6.2.3.3 COTT >sion Modeling 

Due to the lack of information regarding impurity reactions, corrosion 
modeling to date has centered around the dissoiutive type of interfacial 
reaction. Further, modeling of the diffuslve/convective step has concentrated 
on the understanding of the convective side resistance to mass transfer by 
aesuming the interface is locally saturated (i.e. reaction (6,2.3-1) goes to 
completion) at the interface temperature. The assumption of local saturation 
is more valid for laminarlzed flow, such as that Inside the magnetic field, 
than for fully turbulent flow, such as would be expected outside of the mag
netic field in an intermediate heat exchanger, because the diffusive transport 
is controlling the mass transfer rate. 

Corrosion data for most structural materials is available from out-of-
field tests,^' Little or no data exists for liquid metal structural corro
sion in a magnetic field. 

By assuming local saturation, the following calculations of diasolutlve 
corrosion are admittedly pessimistic. However, the purpose of the modeling is 
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to determine scaling relationships which can be used to set test requirements 
for act-alike corrosion behavior and not to try to predict the absolute corr
osion rate. By carefully exercizing simple models, it is possible to assA3s 
the impact of varying several test parameters on corrosion behavior. 

6.2.3.4 Details of the Model 

Figure 6.2.3-2 shows a sketch of the simple circular channel geometry 
used for modeling dissolution corrosion. In addition to the local interface 
saturation mentioned above, the following has been assumed: (1) Fully-devel
oped lamlnarlzed velocity profiles, (2) Radially flat temperature profiles, 
(3) Linear axial temperature profile (constant heat flux), (4) Perfect cold 
trapping prior to Inlet (zero Inlet concentration), (5) Single species disso
lution (iron in lithium coolant). 

Assumption (1) is good for MARS and other designs that flow liquid metals 
across magnetic fields (excluding entrances regions), but may be poor for the 
BCSS toroldal/poloidal flow concept or for other designs that flow parallel to 
the magnetic field. The worst corrosion/deposition problems probably occur at 
the entrances and exits, where momentum, concentration and temperature bounda
ry layers are thin or temperatures are high. Further work will be required to 
assess these complex effects. Assumptions (4) and (5) are probably the least 
valid of the list and will lead to errors In the prediction of corrosion 
rates. We anticipate that there will be some non-zero inlet concentration at 
the entrance to the hot region of the blanket. This inlet stream will contain 
species and impurities from the entire heat transport loop and these constitu
ents will undergo diffusive/convective transport to and from the Interface 
with possible interalloying or other reaction at the Interface. 

With these assumptions in mind, we can write tlie following set of gover
ning equation, boundary and inlet conditions: 

r 3rl-r3r-' " D 1 2 3z 

Boundary 
Conditions: r = a, X - X (T ) 

' w w 

r - 0, -|£= 0 (6.2.3-5) 
3r 

(6.2.3-3) 

(6.2.3-4) 
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Figure 6.2.3-2 Sketch of channel geometry and temperature profile. 



Initial 
Condition: z « 0, X(r) - x

l n l e t ' ° (6.2.3-6) 

^ • - f ( r ) (6.2.3-7) 
b 

Where, 
X = weight fraction of dissolved corrosion product (dimensioiiler.e) 
z = axial coordinate (m) 
L - channel length (m) 
r • radial coordinate (m) 
R • channel radius (m) 
T » local temperature (K) 
D,2 » mass diffusion coefficient of species 1 

in medium 2 (m l a ) 
f(r) = velocity profile function (dimenaionleaa) 
Ut = bulk averaged velocity (m/s) 

The species mass flux is proportional to the concentration gradient (corrosion 
rate) at the wall and Is given by 

J - - " D i 2 f U ( 6- 2- 3- e ) 

For arbitrary velocity profiles and wall temperatures, the mass transfer 
equation is most easily solved numerically. A finite difference code devel
oped by Bjorndahl and Gordon^ was used to solve for the axial and radial 
concentration and axial corrosion rate profiles. 

•Figure 6.2.3-3 shows examples of the computer-predicted concentration 
profiles 10 cm downstream from the inlet of a 400 "C isothermal duct using two 
different models for the diffusion coefficient and for various Hartmann num
bers, as described below. 

6.2,3.5 Results of Parametric Variations 

Thus far, the effect of four system parameters, velocity profile, diffu
sion coefficient uncertainty, axial temperature Increase and system fluid 
residence time, have been investigated using the model described above. 
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Figure 6.2.3-3 Sample output concentration prof i les 
for isothermal channels. 
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Velocity Profile and Diffusion Coefficient Uncertainty 

The species mass flux or corrosion rate la a strong function of the 
velocity profile, which can be seen via Reynolds' Analogy for momentum and 
mass transfer^*' or the governing equation 6.2.3-3. 

The nature of the liquid metal velocity profiles that will be present in 
the blanket of a magnetically confinement fusion reactor are not fully under
stood. Flow laminarization is currently anticipated. The Hartmann velocity 
profile at high Hartmann number is given by 

f(r) - (I - e ~ H ( 7 " U ) (6.2.3-9) 
where 

H - Hartraann number - aB /o /JJ 
o e 

B 0 » magnetic field strength 
o - electrical connectivity of fluid 
u =» viscosity of fluid 

The Hartmann number is the dimensionless parameter relating the ratio of 
magnetic to viscous forces in the fluid. Typical reactor Hartmann numbers are 
on the order of 20,000. This solution for the velocity distribution is valid 
for flow of a conducting fluid in a uniform transverse magnetic field along a 
diameter of the tube parallel to the magnetic field.^' The complete 2-diaen-
sional velocity distribution in a circular channel Is actually much more 
complicated than this. 

Figure 6.2.3-4 shows typical radial Hartmann velocity profiles close to 
the wall for Hartmann numbers between 500 and <». An infinite Hartmann number 
corresponds to a flat velocity profile. 

Diffusion coefficient data for lithium are scarce. It was necessary to 
estimate the mass diffusivity from available sodium data^ »'' and the Stokes 
Einstein theoretical model.^ ' 

The computer predictions indicate that there is a critical Hartnann 
number, H c, which defines corrosion regimes in this model. The critical 
flartmann number is defined by the ratio of velocity profile and mass diffusion 
length scales as, 

l „ A n - — ^ E - ~ 1 (6.2.3-10) 
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Figure C. Z.3-4 Sample Hartmann ve loc i ty profile, near wal l of 
channel. 
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where 
e„ - Characteristic length of velocity profile - a/H 
t„ • Characteristic length of concentration profile » /D„L/U. 
a - Radius of channel 
L • Channel length 
tl - Average velocity In channel. 

Figure 6.2.3-5 shows a sample plot of equation 6.2.3-10 for both models of 
diffusion coefficient and the corresponding critical Hartmann numbers. 

The corrosion rates, normalized to the corrosion rate for infinite 
Hartmann number, for both estimates of diffusivity are shown In Figure 6.3.3-1 
(of the next section) as a function of Hartaann number. Three reglnes appear 
to exist: 

1. Low Hartmann Number (H /H « 1 ) ; In this regime, the concentration 
boundary layer is much thinner than the momentum boundary layer. The 
molecular diffuŝ .vlty imposes a lower limit on the corrosion process. 

2. Critical Hartmann Number (H /H ~ 1): The corrosion rate Increases 
sharply to thinning of the momentum boundary layer with increasing 
Hartmann number while the concentration boundary layer remains essen
tially constant. 

3. High Hartmann Number (H /Hfl » 1 ) : Further increases in Hartmann 
number do not increase the corrosion rate as the convective mechanism 
saturates. Saturation occurs when the velocity profile is constant 
throughout most of the concentration boundary layer. 

Axial Temperature Increase 

The increase of Interfacial and free stream solubilities with Increasing 
system temperature will alter the corrosion behavior of a heated channel fro* 
that of an Isothermal one. For an Isothermal channel, the mass transfer 
coefficient decreases monotonlcally with channel length as the concentration 
proiile near the wall begins to build up (saturate). In a non-isotheraal 
channel, the concentration at the wall Increases »B the temperature at the 
wall increases, and it is more difficult for the mechanism to saturate. 
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Figure 6.2.3-5 Ratio of Hartmann to diffusion length sca les . 
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The effects of a linearly increasing axial channel temperature profile 
(constant heat addition along the channel) preserving either constant average 
or outlet temperature were studied. Sample results are shown in Figures 
6.2.3-6 and 6.2.3-7, 

The model Indicates that an axial temperature gradient has a significant 
effect on the axial corrosion rate profile compared to an isothermal channel. 
Further, the behavior depends on whether the average or outlet temperature is 
maintained. The outlet temperature in most blanket designs is currently 
considered corrosion limited.^1' The allowable channel temperature rise will 
bj restricted at the Inlet by the melting point of the liquid netal coolant 
used and at the outlet by the material deposition rate in the secondary heat 
exchangers. 

Fluid Residence Time 

The channel residence time, as definsd above, is the average time a 
"fluid packer" spends residing in the channel. Calculations indicate that 
similar corrosion behavior can be obtained by maiataining the channel resi
dence time between two channels. If residence time scaling is valid, it would 
ailow valid corrosion behavior testing In shorter test modules at reduced flow 
rates and capital expenditure. Figure 6.3.3-2 (of the next section) shows the 
predicted corrosion rate profile for two isothermal channels with the same 
residence time (LJ/VJ * L /V ). The two curves coincide if the abscissa is 
rescaled as zfh instead of z. This indicates that within the assumptions of 
the diffusive/convective model, residence time scaling is valid, 

6,2.3.6 Conclusions 

A liquid metal fusion reactor blanket will be a complicated, multi-dimen
sional mechanical/chemical/nuclear system. To claim complete knowledge of the 
corrosion and mass transport in such a system would be naive. However, trends 
and parameters can be identified that will be important. The analysis above 
has concentrated on a description of corrosion mechanisms and results from a 
dissolution model for liquid metal corrosion. Sample results have been pre
sented for each of the parameters investigated to date—Hartmann velocity 
profiles, diffusion coefficient uncertainty, axial temperature increase and 
fluid residence time. The impact of these results on test requirements is 
given in Section 6.3.3. 
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6.2.4. Structural Mechanics 

6.2.4.1 Overview 

A key to the successful design of a fusion blanket is the distribution of 
the amount of structural material in the first wall of the blanket. The first 
wall must support dynamic and static mechanical loadB and at the same time 
sustain the thermal gradients and erosion resulting from the plasma heat and 
particle fluxes. Dynamic and static loads require high flexural rigidity. 
The most efficient way of increasing rigidity in the first wall region would 
be to increase the height of the first wall channel, but this dimension is 
constrained by thermal hydraulics (increasing the height would Increase the 
volumetric flow rate or require decreasing velocity) and possibly by MHD flow 
profile considerations. Since the first wall temperature is proportional to 
the thickness of the first wall, thermal stresses require thin first walls, 
while thick walls are necessary to account for erosion and corrosion. A fea-
slble design must represent an optima] solution satisfying many conflicting 
requirements. 

The structural design of the blanket must not only withstand the steady 
state operating conditions, but must also meet cyclic conditions due to start
up, shut-down, and pulsed operation. Fatigue of the first well, crack propa
gation under cyclic load and residual stress build-up are the most important 
Issues related to repetitive loading conditions. Another problem arising from 
the tine history of the loads is thermal shock due to power ramps. One also 
has to consider off-normal situations ^uch as loss of pressure and loss of 
coolant flow. 

Throughout its life, the blanket will be subjected to a radiation envi
ronment causing radiation induced creep, swelling, and embrlttlement. The 
relative importance of each of these interactive phenomena depends on the 
structural material and the design. Although creep haB a tendency to relieve 
high stresses due to thermal gradients, It can cause large displacements which 
will ultimately lead to failure. Under axially restrained conditions, creep 
buckling and high stresses due to swelling may be important. The irradiation 
environment causes an increase in the yield stress and a significant loss of 
ductility. As a result of these changes, the structure is more likely to fail 
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by brittle fracture. Satisfactory structural design requires that all the 
operating conditions and changes In materials properties be allowed for 
without loss of structural Integrity of the system. 

The poloidal/toroidal flow lithium cooled tokamak blanket from BCSS and 
the MARS blanket were selected as reference designs (see Figs. 6.1-1 and 
6.1-2, and Appendix D.3). Consequently, the results of the structural anal
ysis are specific to these particular designs, although the scaling relations 
derived from them have general significance. Section 6.2.4.2 discusses the 
analysis of the BCSS design and Section 6.2.4.3 discusses Che MARS design. 

6,2.A.2 Structural Analysis of the Lithium Cooled Tokamak Blanket 

Model and Assumptions 

To address some of the issues described above and gain some insight into 
scaling, a model based on technical beam theory and small scale plastic 
behavior due to creep was developed. The structure is modeled as an assembly 
of Euler-Bernoulli I-beams. Movement of the shaded surfaces in tig. 6.2.4-1 
is constrained in rotation and in the Z direction in the structure due to sym
metry, while these are free edges in the I-beam model. Since the maximum 
stiffness of the composite plate structure in bending occurs along the axis of 
the web (e.g., the plate is most stiff in bending about the Z axis), the 
I-beam model results in a good approximation of the first wall structure. 

The composite first wall is supported periodically by the sides of the 
poloidal coolant channels (see Fig. 6.2.4-1) There is no rotation or trans
verse translation at these supports due to symmetry. Consequently, built-in 
conditions are assumed at he ends of the I-beams. It is further assumed that 
the module is free to extend In the toroidal direction and, thus, the beam 
ends are unconstrained in the x direction. 

The constitutive elation is: 

tf-KX =» E(e x x " aAT - £ c) (6.2.4-1) 

where: 
a = stress in the x direction 
e - total strain in the x direction 
E = Young's modulus 
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Figure 6.2.4-1. I-Bean nodal. 
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a " coefficient of thermal expansion 
AT - temperature difference from a base temperature 
E = irradiation creep strain 

The creep law for Irradiation creep 1B taken as: 

E = B |a|n sign (<j) $T|<y) (6.2.4-2) 

where: 
B s= creep coefficient 
n = creep exponent 

<JTi(y) = neutron damage 
Further assumptions are that E, a, B and n are constants and that the load is 
applied as a step function. 

Solution Metr A 

The first step in the solution is to assume the displacement field: 

u(x,y,z) = f0(x) + yfj(x) + zf2(x) (6.2.4-3) 

Then the s t ra in f ield is 

Exx = f o ( x ) + y£[W + ^ 2 C x ) (6 .2 .4-4) 

Next the creep strain is given by dlScretizlng time. The total creep strain 
in the 1 t h time interval is: 

\ - 1 _ \ + { a'e,. (6.2.4-5) 

where 

A*ec = Bf of" sign(a) ̂ nat and °ec = 0 (6.2.4-6) 
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The 1/2 factor In (5) means, that we take the average of *e and e~ as the 
accumulated plastic strain In the 1 time Interval. The stress In the I" 1 

time Interval is: 

1a - E/G -ctAT-VN (6.2.4-7) 
XX \ XX CI 

From the equilibrium of a cross section 

/ 
a dA = 0 (6,2.4-8) 

'A 

y a dA = M(x) (6.2.4-9) 

Substitute (4) and (7) in (8) and (9), utilize the fact that x is the cen
tral dal axis, y and z are principal axes. Solve for f (x), f«(x), fi^) and 
substitute them in (7) to obtain: 

P*, + "P. M + >L, +1M_ 1 1 *T <> T* e 
o = - Ea&T - e E + -=—; - + -= - y (6.2.4-10) 
xx c A I ' 

where Pj and P c are equivalent axial forces due to thermal and creep strains, and Mr. and *M are equivalent bending moments: 

P„ - / aEATdA 1P - / £*£ dA 
T A c A c 

(6.2.4-11) 

MT = / aEATydA I M c - / E ^ y<*A 

•A ./A 
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From the analysis of deformation the differential equation of the deflection 
curve is: 

d'v " • "T ' K c a2„ M + lij, + M. 
(6.2.4-12) , 2 EI 

dx 

By assuming that AT => AT(y) one can find the deflection: 

2 3 4 
Elv(x) = - (H o + Hj,) ^ j " VQ ^ - q I4 + E I ( c o + CjX) (6 .2 .4-13) 

- J l (X - c> Vce) dC c 

Here V and M correspond to the reaction force and moment at x = 0 and c„,c, o a r o' I 
represent a rigid body motion. These constants are determined from the end 
conditions. In the middle of the module, built-in end conditions can be 
assumed at the supports due to symmetry, where "built-in" is given by 

x = 0 

v = 0 . £ = 0 
dx 

x = A 

then, 

v = 0 , £ = 0 

c 0 = C ] = 0 

(6 .2 .4-14) 

V = o s§ - \ [\a> - Vcj 

M = ^ - - M „ + 2 M U) - 3 M (A) (6.2 .4-15) 
o l . i T c c 
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where 

1_ 

x 
j (x - O \ MC(X) - - | I (x - a \co dc 
o 

(6.2.4-16) 

V x ) 

J a 

Scheme For Numerical Solution: 

1, Calculate the elastic stress distribution as Initial state and 

Initialize the variables; define At, Ax, Ay, set t «= 0, 1 - 1, 

°ec(x,v) - 0, A°ec(x,y) = 0. 
2. Add the current Incremental plastic strain field to the current 

plastic strain field. Determine the values of V 0 and M 0; 

sc(x,y) = ec(x.y) + Y A1e(,(x,y) 

substitute 1e c(x,y) in Eq. (11), Substitute Eq. (11) in Eq. (16). 
Substitute Eq. (16) in Eq. (15). Evaluate Integrals numerically. 

3. Calculate iaxx(x,y,) from Eq. (10). 
4. Calculate A ec(x,y) from the incremental form of the creep law 

Eq. (6). 
5. If the values of the incremental strain have not converged then refine 

them by repeating the process from step 2. 
6. Otherwise, the plastic strain field is updated and the next time step 

is salved. 

For the results presented here, the cross section was divided Into 12 
partitions, and the length of the module was divided into 42 partitions to 
evaluate the Integrals in step 2. Both partitions were refined further to 
check accuracy. Some representative results can be seen for the reference 
blanket on Fige. 6.2,4-2 through 6.2.4-6. Fig. 6.2.4-2 shows the stress 
profiles resulting from the elastic calculations at two locations. 
Fig, 6.2.4-4 and Fig. 6.2.4-5 give the stress histories due to creep at the 
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Figure 6.2.4-2. Initial stress and temperature profiles through the I-Beam. 
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Figure 6.2.4-3. Location of points plotted in Figures 6.2.4-4 and 6.2.4-S. 
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Figure 6.2.4-4. Stress history at the beam end (x » 0) due to creep 
with the flux gradient Included. 
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Figure 6.2.4-5. Stress history at the bean center (x - i/2) 
due to creep with the flux gradient Included. 
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same locations. In Fig. 6.2.4-6 the displacement patterns are shown as 
function of time. Material property values used are given in Table 6.2.4-1. 
More results are presented and discussed below in Section 6.2.A, 

Limitations and Uncertainties 

Elastic-plastic analysis is necessary to better understand the scaling of 
geometry, since the stresses exceed the elastic limit. Furthermore, residual 
stress build-up due to cyclic loading should also be calculated. Material 
properties indicate that at high temperatures the elastic-perfectly plastic 
constitutive law could be assumed. Elastic-plastic analysis is the most 
important subsequent step to be taken in the work begun here. 

The length to width ratio of a segment between two supports is not large, 
(~8:1), consequently, the effect of shear deformations may be important. 
Since shear deformation is not included in the model, we have taken a prelim
inary look at it as follows. A virtual work solution using a simple linear 
factor to approximate distortions of plane surfaces perpendicular to the beam 
axis results in a 11% contribution to total deformation from shear. This 
solution is for a concentrated load and does not consider thermal stresses or 
creep, but it gives an idea of the magnitude of the error Introduced by 
neglecting shear deformation. 

As indicated in Fig. 6.2.4-2 the temperature profiles in the first and 
second wall are parabolic and the temperature in the web is linear. The 
values chosen are based on thermal-hydraulics analysis (Section 6.2.2} and 
reference operating parameters. The actual web temperature profile is unknown 
because of uncertainties in the MHD velocity profiles. Temperature profiles 
in a test module are discussed in Section 6.4. 

The built-in end conditions are not valid at the edges of the blanket 
module. Also, numerous structural details (inlets, etc.) have been neglected. 
Inlet and outlet regions may be the most prone to failure because of tempera
tures (the highest temperature occurring at the outlet), more welds, and 
possible stress concentrations in these relatively complex portions of the 
blanket. These regions are very design dependent and do not lend themselves 
to simplified analysis. 
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Figure 6.2.4-6. Deflection history due to creep with the 
flux gradient Included. 
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Table 6.2.4-1. Material Properties Used in the Analysis of the 
Vanadian Alloy BOSS Reference Design and Test Module 

Young 'B Modulus 120 G*a 
Polsson's ratio 0.3 
Coefficient of thermal expansion 2.66 x 10~ 5 1/°C 
Irradiation creep coefficient 2.2 x IQ~H MPa~ 1 - 5/dpa 
Irradiation creep exponent 1.5 

Temperature variation in the axial (x) direction has been neglected 
because the temperature change is low compared to that in this radial direction 
(~12°C in the axial direction versus >200°C in the radial direction). Vpoa 

taking the average temperature between the supports for the given temperature 
field, the results should be accurate enough for engineering purposes. 

Thermal creep may be an important effect to include depending on the 
material properties and operating temperature. The effect of misalignments 
and imperfect geometry was not considered here. Thep= factors play important 
roles only in structures prone to buckling. 
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6.2 .4 .3 Structural Analysis of the MABS Blanket 
The analysis in this section considers a type of structural response very 

different from that of the BCSS design described In the previous section. The 
MARS design has much lower thermal stresses, and the blanket supports are of 
fundamental Importance In determining the first wall stresses. Plastic 
deformation is negligible In the MARS design, unlike the BCSS design, because 
the stresses are below the elastic limit. 

Standard beam theory, as used in the ASME Boiler and Pressure Vessel 
C o d e / ^ is Inadequate in its treatment of radiation effects. This section 
describes an analysis which extends classical beam theory to account for 
radiation effects. In addition to elastic strains, the model includes thermal 
expansion strains, radiation swelling, and both irradiation and thermal creep 
strains — all of which are felt to be important to the overall structural 
response. 

Figure 6.1-2 shows the MARS blanket configuration. A hollow beam nodel, 
shown in Figure 6.2.4-7, is used to analyze a single cooling p l ^ from the 
blanket. Further details oil the theory and derivation are provided In refer
ence 2. The major results from the analysis are presented in Section 6.4. 

The largest uncertainty regarding the applicability of this analysis Is 
in the materials data. Recent unpublished data indicated that swelling In HT-
9 may be negligible, rather than a dominant contributor to end of life 
stresses. Good materials data is a necessity not only in developing reason
able fusion reactor designs, but also for developing useful integrated tests. 

Calculation of End Reactions 
The first step In determining the pipe stresses and strains Is to find 

the redundant end reactions which result from the applied strains. A dis
placement balance equation le developed for the rotation and deflections of 
the free end of the pipe in the form: 

i'i + I = 2 (6.2.4-17) 

where £ is tne flexibility matrix, X_ is the vector of unknown end reactions, 
J'X represents the elastic displacements due to the end reactions, j!_ repre-
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Figure 6.2.4-7. Configuration of the Pipe Model. 
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sents the dlsplacenents due to the inelastic strains (which are calculated 
from constitutive laws), and D_ is the total deflection determined by boundary 
conditions. In Figur' V.2.4-7, X^, Xp, X p are the unknown end reactions which 
form the X_ vector, s denotes the position along the pipe, and % Is the dis
tance from the neutral axis, which also specifies the position on the cross 
Bectlon. 

Because the tube la curved and statically indeterminate (due to the 
external restraints), the axial problem cannot be separated from the radial 
and rotational problems. The flexibility matrix for the structure is devel
oped using the virtual work principal:3 

R2/ds R /y ds R Jx ds 
| - ̂ j ~ R Jy ds Jy2ds /xy ds (6.2.4-18) 

R Jx ds jxy ds /x2 ds 

The first row of the matrix equation gives the rotations (normalized to R) due 
to a unit moment, unit axial force and unit radial force, moving from left to 
right. Similarly, the second row giveB the axial deflections and the third 
row gives the radial deflections due to unit loads at the free end. E Is the 
modulus of elasticity, I is the area moment of inertia of the cross section, 
and R is the radius of curvature of the pipe. 

After performing the integrals, using y « R(l-cos9), x » R sine, and 
ds = R d6, the flexibility matrix is simplified to: 

- I T TT 2 

= - If * 3 , / 2 2 (6.2.4-19) 
2 2 a/2 

The deflections due to ine las t i c s t ra ins , contained In the vector Ej are 
computed from known rela t ions for the Ine las t ic s t r a i n , e ' , which includes 
thermal s t - . ^n, void swelling, i r radiat ion creep, and thermal creep. These 

are discussed in de ta i l in the following subsection. The vector E is given 

by: 
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R Jw* ds 
E - - Jw'y ds - /e*cos6 ds (6.2.4-20) 

/w'x ds + /e'sinS ds 

where e' is the average Inelastic strain 

e" -J-/e' dA (6.2.4-21) 

and w' Is the curvature change due Co Inelastic strains: 

w* = - —• /e'C dA . (6.2.4-22^ 

The factor k, accounts for the fact that in any curved beam of hollow cross 
section, the deflection of the beam is related to the deformation of the cross 
section which occur-* as the beam is bent. This non-negligible, nonlinear 
effect Is found to increase the effective flexibility of the beam, resulting 
in a reduction of the magnitude of the axial stresses, for a problem involving 
fixed displacements.'*' 

If these inelastic deflections are added to the deflections due to the 
end reactions, one obtains the total resultant end rotation and deflections. 
The total deflection, J), is generally determined entirely by the boundary 
conditions. For example, If both ends of the pipe are clamped, there are no 
end rotations or deflections and D is identically zero. 

Assuming F, E, and D are known, the unknown reactions are easily found by 
inverting the flexibility matrix and solving Eq. 6.2.4-17 for the vector JC_. 

Calculation of Deflections 

Once the end reactions are known, the pipe deflections and axial stresses 
can be found as a function of toroidal angle. To calculate the dlsplaceaents 
at some angle, 9 , the displacement balance equation, 6.2.4-17 is used. 
First, the flexibility matrix must be recalculated for a circular pipe of 
arclength 
T - 9 . This is accomplished by substituting B - B for 9 in the integrals of 
eauation 6.2.4-4 and Integrating from 0 to ir - 6 . To find the deflections 
at 9, duo to Uie moment and forces at that angle, the vector _X_ Is filled with 
the forces obtained from the equilibrium equations, derived from simple 
statics: 
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M - J ^ + xXp + y X y (6.2.4-23) 

P - X p cosB - X p sine (6.2.4-24) 

P - X„ sinfl + X„ cos6 (6.2.4-25) 

where M, P, and P are the moment and axial and radial forces on a section at 
an angle 9. The deflections due to the inelastic strains are then recalcula
ted in a manner identical to the flexibility matrix, and added to the elastic 
deflections to give the resultant deflections at the desired angle. 

Calculation of Stresses 

The total strain Is represented by the elastic and Inelastic components: 

e - | + e' (6.2.4-26) 

In standard beam theory, the total strain in a beam with free ends subjected 
to bending is proportional to the curvature change for small deformations: 

e - -5w (6.2.4-27) 

This equation is valid only If the bean's cross section remains unchanged 
during bending. For a hollow pipe, the change in cross section (as discussed 
above) must be accounted for by replacing the displacement 5 with the actual 

2 displacement (l-k„£ )£, which depends on the position around the pipe minor 
axis. This correction is a second order expansion which approximates the 
cross section as an ellipse. 

In addition, because of the added presence of axial loads, the total 
strain is composed of a component due to bending and an average value at the 
neutral axis, e. Then Eq. 6.2,4-27 becomes 

e - -e(l-k252) w + e (6.2.4-28) 

The total curvature, w, can be replaced by its elastic and inelastic parts: 
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w - -kj ~+ w' (6.2.4-29) 

and the average strain e can be obtained by integrating Eq. 6.2.4-26 

e --7S-+ e* (6.2.4-30) 

Using Eq. 6.2.4-29 and -30 in Eq. 6.2.4-28 giveB us 

e =-|g + i' + 5 (l-k 25 2) (kj |j - w') (6.2.4-31) 

which is subst i tuted into Eq. 6 .2 .4-26. Using the equilibrium re la t ions given 
above, a l l of the terms in Eq. 6.2.4-26 arc now defined: 

I " " A E " " < e " ~ i M + C a _ k i e Z > ( k i I f " w , ) (6.2.4-32) 

This equation for stress is used both in determining the structural response 
and in the constitutive relations which follow. 

Constitutive Equations 
The inelastic strains mentioned above are computed using semi-empirical 

constitutive relations. The total inelastic strain is given by 

e' = e T + e s + e^ + e£ (6.2.4-33) 

The thermal strains e T are given by e„ • aJt where OL, is the thermal expansion 
coefficient and T Is the difference between the operating temperature and the 
zero-stress temperature. For the swelling strains, e s, a design equation 
developed by Ghoniem and Conn for ferritic alloys is used:' ' 

T—T 
e 8 - -^Ip- (0.036 S - 0.074) expf- f - ^ - ) 2 ] (6.2.4-34) 

where T p - 425 C for HT-9 
Y = 59 K for HT-9 
5 » the displacement dose (dpa) 
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0.067 Cr - 0.457 Cr + 1.0 , Cr < bX 
f(Cr) -

0.037 Cr + 0.235 , Cr > 5% 

and Cr Is the chromium content of the structural material. 

Recent data for the swelling of ferritlc steels Indicate that voids do 
not appear In the matrix until some "incubation, dose" le reached. ^ This cai> 
be accounted for with an equation of the form: 

where T is a measure of the incubation time, $t is the neutron fluence, and s 
Is the steady state swelling rate. The parameter (S determines the transition 
to the steady swelling regime after the incubation fluence is reached. The 
presently available data are insufficient to warrant this type of correlation^ 
but one should be aware of the possibility that the use of Eq. 6.2.4-34 may be 
an overestimate with a large Impact on the conclusions. 

Irradiation creep data exist for a limited number of ferrltlc alloys. 
Odette"' compiled such Information with a suggested correlation of the for»: 

e c = A S c (6.2.4-36) 
T C 

where A c Is a constant, Independent of both flux and temperature. 0 is the 
applied equivalent stress and <5 is the irradiation dose (dps). Reported 
values of A c range from 7x10"' to 2xlO~5 dpa _ 1ksi - 1. 

As with swelling, other correlations are available for creep. For 
example, Wolfer, Ashkin, and Boltax' ^ tecoasvend a swelling-enhanced equation 
of the form 

e£ - 0^ + k 2 S) a (6.2.4-37) 

where kj and k2 are constants and S represents the swel l ing r a t e . A s imi lar 
swe11Ins-enhanced creep term has been suggested by Gel les^ ^ for 2 1/4 Cr-1 Ho. 
A severe lack of data precludes the use of th i s type of equation for HT-9 at 
t h i s t i n e . 
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For thernal creep, the following equation developed by Modeo and Ghonleffl 
Is used:^ ' 

•c 7.4x10 ,-1.23, , *3 -, „ , ... 
eT ' ~kT expC—^-) (»-<f0) (6.2.4-38) 

with a - 198.2 - 0.219 T (ksl), where T Is the absolute temperature In Kelvin o 
and <s Is the back stress. When the stress Is less than the back stress, the 

o ' 
thermal creep strain Is assumed to be zero. 

6-147 



References for Section 6.2.4 

ASME Boiler and Pressure Vessel Code, Sections I, II, III, and Code Case 
1592, "Class I Components in Elevated Temperature Service," (1977). 

J. P. Blanchard, "Global Inelastic Structural Analysis and Lifetime 
Estimation for Tubular Fusion Reactor Blankets," UCLA Department of 
Mechanics and Structures, M.S. Thesis (unpublished), June 1984. 

Republic Aviation Corporation, "Thermo-Structural Analysis Manual," 
Fraalngdale, NY (1964). 

W. Hovgaard, "The Elastic Deformation of Pipe Bends," Journal of Math, 
and Physics. 5&6. (1925-1927). 

N. M. Ghonlem and R. W. Conn, "Assessment of Ferrltlc Steels for Steady 
State Fusion Reactors," IAEA Technical Committee Keetlng and Workshop on 
Fusion Reactor Design and Technology, Tokyo, October 15-16, (1981). 

D. S. Gelles, and R. J. Pulgh, "Evaluation of Ferrltlc Alloy Fe-2 1/4 Cr-
1 No After Neutron Irradiation — Irradiation Creep and Swelling," HEDL-
7405 (1983). 

0. R. Odette, "Property Correlations for Ferritlc Steels for Fusion 
Applications," Damage Analysis and Fundamental Studies Infomation Meet
ing, October 2-3 (1980). 

W, Wolfer, M. Ashkin, and A. Boltax, "Creep and Swelling Deformation in 
Structural Materials During Fast-Neutron Irradiation," ASTM STP-570 
(1976). 

R. J. Amodeo and N. M. Ghonlem, "Constitutive Design Equations for 
Thermal Deformation of HT-9," to be published, Nuclear Engineering and 
Design/Fusion (1984). 

6-148 



6.2.5 Heutronica 

6.2.5.1 Introduction 

In this section, the ueutronics behavior of the liquid breeder blanket 
concept is described. As is shown in Appendix D.2, the neutronlcs performance 
of the blanket is characterized by the following paraneters: (1) tritium 
production rate, (2) heat deposition rate, (3) displacement per atom, ( O 
hydrogen production rate, and (5) hellun production rate. The profiles for 
these parameters are most relevant in this section, because the profile is the 
most suitable indicator to measure the scaling behavior of the blanket• 
Detailed data for the overall neutronics performance of the blankets are given 
in Appendix D.2. Most of this section will be devoted to discussion of the 
profiles for the above parameters. 

The blanket concepts used for the analysis are the liquid Li self-cooled 
blanket with V 1 5Cr 5Ti structure (Li/Li/V)/ 1^ and the Li 1 7Pbg 3 self cooled 
blanket with PCA structure (LiPb/LiPb/PCA).^1' The analysis was performed 
assuming a tokamak fusion reactor as the reference device. A neutron wall 
load of 5 MW/m was assumed. 

6.2.5.2 Calculatlonal Method 

The analysis is based on one dimensional cylindrical models of the 
blankets. The assumed material arrangement of the Li/Ll/V reference blanket 
is shown in Fig. 6.2.5-1. The material composition of each region is the 
result of homogenizstion. Natural lithium Is used as the breeding material. 
The vanadium alloy V,cCrgTi is used as the structural material in the first 
and second walls, and the toroidal and poloidal channels. Fel422 sceel is 
assumed for the reflector and the shield material because its expected activa
tion level Is low. The atomic density of each material region is summarized 
in Table D.2.5-1 of Appendix D.2. 

Fig. 6.2.5-2 shows the material configuration of the LiPb/LiPb/PCA 
reference blanket. Enriched lithium (90% Li) is used to compose LijyPbgj. 
PCA is assumed as the structure throughout the blanket. The ferrltic steel 
alloy Fel422 is also used in this case as the shield material. A simple 
Configuration is assumed for the first wall; complex structures like the 
toroidal channels in the Li/Li/V rjdel are not used in the LiPb/LiPb/PCA 
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model. 

The neutronlca calculations were performed with the one dimensional 
discrete ordinates code ANISK* ^ using a 41 group (25n-21y) cross section 
library based on the ENDF/B-IV data."' The library was collapsed from the 
VITAMIN-C/DLC-41B library.(*' The energy structure of the library Is tabula
ted in Table D.2.1-1 in Appendix D.2. The ANISN calculation was dene with a 
third order Legendre expansion (Pj) and an eight discrete angular mesh approx
imation (Sg) in cylindrical geometry. 

6.2.5.3 Huclear Heating Rate 

The profile for the total nuclear heating rate and the contribution to 
this profile from both neutron and gamma ray heating are shown in Fig 6.2.5-3 
for the Ll/Li/V blanket and in Fig. 6.2.5-4 for the LiT'b/LiPb/PCA blanket. 

The following observations are made for the profiles in the Li/H/V 
blanket: (!) Attenuation of the profiles in the lithium layer (the toroidal 
and poloidal channels) is slow and the profiles are flat. (2) Attenuation of 
the profiles in «,he structure (the first and second walls) 1B large. (3) 
Neutrons dominate the bulk heating In the lithium layer. (4) The bulk heating 
in the structure (the first and second walls) is larger than that in lhe 
lithium layer, and the main contribution to the heating there 1B done by gamma 
rays. 

As the lithium layer of the pololda.l channel 1B less effective for high 
energy neutron attenuation than the structure, the heating rates in the 
lithium layer vary vary slowly with the depth. The decrease In the total 
heating rate Is about 502 from the front edge of the poloidal channel to the 
back of It. The contribution from neutrons dominates bulk heating in these 
two lithium layers. The contribution from gamma rays is about 1/20 of that 
from neutrons. The reason is that lithium is almost transparent to gamma rays 
because of its low mass number. 

Conversely, in the first and second walls, the reflector and the shield, 
gamma ray heating Is about twice as large as neutron heating. Because large 
amounts of high energy gamma rays are produced from neutron interactions with 
structure, and these gamma rays deposit their energy in the structure more 
efficiently than neutrons. This also means that the profile of the heating 
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rate from gamma rays In the structure Is controlled by the profile of the 
neutron flux. In fact, the profile of the gamma ray heating rate is about 
proportional to that of the neutron heating rate. The Interactions of high 
energy neutrons take place more frequently In the structure than in the 
lithium layer, so all the profiles attenuate more quickly in the structure 
than in the lithium layer. 

Regarding the profiles in the LiPb/LiPb/PCA blanket, the following 
observations are made: The profiles are much steeper than that in the Li/Li/V 
blanket. The gamma ray contribution is Important at the front of the breeder. 
Neutron slowing down processes through (n.n1) and (n,2n) reactions In lead 
work very effectively in this type blanket, so neutrons are multiplied near 
the front of the breeding zone. At the same time, many gamma rays are pro
duced in this region. Slowed down neutrons are absorbed by Li through 
Ll(n,a)T reactions. Gamma rays are attenuated by lead quickly because lead 
has a very high mass number. Because of these processes, very steep profiles 
were obtained in the breeding zone. 

In the LiPb blanket, about 43% of the total heating comes from gamma ray 
heating. The value was about 28% for the Li/Li/V blanket. For both blankets 
the maximum heating rate was observed at the first wall. The obtained values 
are 25 W/cm3 and 45 W/cm3 for the Li/Li/V and LiPb/LiPb/PCA blankets, respec
tively. 

6,2.5.4 Tritium Production Rate 

The profiles for the total tritium production rate and each contribution 
from 6Li and 7Li are sho*n in Figs. 6.2.5-5 and 6.2.5-6 for the Ll/Li/V 
blanket and the LiPb/LiPb, PCA blanket, respectively. The vertical axes of 
Figures 6.2.5-5 anH -6 are expressed in terms of the number of tritium atoms 
produced per year per lithium atom consumed. 

The contribution from Li dominates in both blanket types. Especially 
for the LiPb/LiPb/PCA blanket, about 99.8% of the tritium production comes 
from the Li reactions. There are two reasons for this. One of them Is the 
fact that Li was 90% enriched. The other reason is the existence of many 
lead atoms in the breeder. The slowing down of high energy neutrons proceeds 
very rapidly in the breeder through Pb(n,n*) or Pb{n,2n) reactions, which 
reduces the Li contribution and enhances the Li contribution. However, the 
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burnup rate of 6L1 In the LiPb blanket Is small, i.e., 8xl0-3/(yr ^Ll atom) at 
the front edge of the breeder. It is small enough that problems arising from 
breeder burnup need not be considered. 

The contribution of 6Li to the total tritium production in the Li/Li/V 
blanket was 64Z. Natural Li was used in the Li/Li/V blanket, BO the atomic 
density of Li is about 12 times as large as that of Li. This caused the 
appreciable Li contribution. The burnup rate of Li atoms is ~ 6x10 /(yr 

Li atom), which is relatively high. During the operation of the reactor, the 
reduction of TBR caused by °Li burnup may be important. 

The spatial profile of the Li/Li/V blanket data shows a very flat shape 
in the toroidal and polodial channels, especially the curve for the Li 
contribution is almost uniform in these regions. Attenuation of high energy 
neutrons is less in the lithium layer. (See the shape of the T 7 curve.) 
Moreover, the reflection of slow neutrons from the reflector to the breeder 
enhances the Tg values in the region close to the reflector. tfor these 
reasons, the total tritium production rate varies very slowly in the poloidal 
channel; the change in its value is only 25% throughout the poloidal channel. 
Notice the peak in the profile near the reflector boundary. This shows the 
buildup of neutron flux there. The reflector is very effective in th Li/Li/V 
blanket. 

The profile of the tritium production rate in the Lipb/LiPb/PCA blanket 
shows a much higher gradient than that in the Li/Li,"7 blanket. This Is caused 
by strong neutron slowing down in lead through (n,n'/ or (n,2n) reactions and 
by the large capture cross section of Li for slow neutrons. Although a 
slight reflector effect (enhancement of the tritium production) is noticeable 
near the boundary with tne reflector, its magnitude Is small. 

6.2.5.5 Radiation Damage Indicators 

Figs, fi.2.5-7 through 6.2.5-9 show the damage parameters, DPA (diplace-
ments per atom), hydrogen production rate, and He production rate for the main 
components of the V15Cr5Ti alloy in the Li/Li/V blanket. All the profiles for 
both the hydrogen production rate and He production rate of all elements 
reBemble one another. Both the hydrogen and He producing reactions are 
usually high threshold reactions. The reaction rate of these reactions 
depends strongly on the high energy neutron flux distribution. As is seen in 
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the figure, high energy neutrons are attenuated sharply In the first and 
second vails and the gradient of the profile is similar In these two regions, 
because the same material (vlr.Cr5Ti) Is assumed In the walls. 

The absolute value of the data depends directly on the reaction cross 
sections of each element. Among the three elements (V,Cr,Tl) in the figures, 
chromium shows the highest hydrogen production race and titanium the highest 
helium production rate. 

The DPA is related to the total energy deposition by neutrons. It 
depends not only on high energy neutrons, but also on low energy neutrons. 
The profile of the OPA la more moderate then the other two profiles. Th° flPA. 
profile of chromium and vanadium resemble each other both in absolute value 
and In shape. 

The maximum displacements per atom, hydrogen and helium production rates 
are seen at the front edge of the first wall. The values at this location 
averaged over all the constituents in the V15Cr5Ti alloy are 62 dpa/yr, 
1.65x10 ppm/yr and 3.85xlOz ppm/yr for the atomic displacement, hydrogen and 
He production rates, respectively. 

Figs. 6.2.5-10 through 6.2.5-12 show the damage parameter profiles for 
the main elements (Fe,Ni,Cr) In the PCA alloy for the LiPb/LiPb/PCA blanket. 
Again the atomic displacement shows very similar profiles both In the absolute 
value and in the shpae among these elements. As was discussed In sections 
6.2.5.3 and 6.2.5.4, neutrons are attenuated quickly in the LiPb/LiPb/PCA 
blanket. The DPA profile Is much steeper in this case as compared to the 
Ll/Ll/V blanket. 

Regarding the profiles for both the hydrogen production rate and the Be 
production rate, the same things which were pointed out for these parameters 
in the Ll/Li/V blanket are observed. Nickel has the largest (n,p) and (n,a) 
reaction cross sections. It dominates the damage rate in PCA steel. The 
average value for the hydrogen production rate from Fe, Ni and Cr in the first 
wall is ~ 4.8xl0J ppm/yr. The corresponding value for the He production and 
the atomic displacement rates are ~ l.SSxlCK ppm/yr and ~ SO dpa/yr, respec
tively. 
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6.3 Requirements for Scaled Testing 

6.3.1 MHD Fluid Flow and Pressure Drop 

6.3.1,1 General Requirements 

Four non-diiaensional numbers characterize liquid metal flow in -> 
straight duct in a uniform transverse field. They are: the wall conductivity 
ratio A , the Stuart number N, the Hartmann number Ha and the magnetic 

w 
Reynolds number Re m. They are important characteristics of liquid metal flow 
in a fusion reactor blanket, but the flow in a blanket is very complicated, 
hence the flow cannot be characterized by these numbers alone. 

When a liquid metal flows across a magnetic field, an electromotive force 
is generated in the direction perpendicular to the flow and the field. An 
eddy current flows across the liquid metal if there is a return path for the 
current. The current intensity depends not only on the intensity of the 
electromotive force, but also on the conductivity of the circuit. When the 
fluid flows in a single straight duct in a uniform transverse field, the 
return current flows through the wall of the duct. The current intensity can 
be reduced by thinning the wall. In this case, the conductivity ratio 
<(>. = CT t /tr,a characterizes this effect, where a and t are the conductivity w w w r w w 
and the thicka?ss of the wall, a. is the conductivity of the fluid and a is 
the channel *A .:" width in the direction parallel to the magnetic field. The 
path of the eddy current is complicated in the case when the fluid turns in a 
bend or when the velocity of the fluid changes. Nonuniformity of the magnetic 
field also makes the path complicated. If there are many parallel channels or 
if there are structures which provide the return path, the current intensity 
is affected by the conductivity of the additional path. The conductivity 
ratio $ no longer characterizes the current intensity. It is necessary to 
ascertain the current path before the conductivity ratio is used. 

The eddy current in the fluid induces an electromagnetic resiBtive force 
against the flow. The velocity profile in the channel is affected by the 
force, therefore the electromotive force is affected. The eddy current inten
sity depends on the electromotive force, hence the eddy current and the velo
city profile interact with each other. The Stuart number or interaction 

2 
parameter, N*aB <j,/Vp, expresses how the velocity profile is affected by the 
electromagnetic force, where B is the magnetic field strength, V is the fluid 
velocity, and p is the density of the fluid. The Stuart number denotes the 
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ratio of the electromagnetic force to the inertial force. It is very large 
(10^-Kv) in a fusion reactor blanket, which means that Inertia can be neglec
ted. The velocity profile is affected mainly by the electromagnetic force. 

In the neighborhood of the wall, viscosity plays an important role. The 
Hartmann number Ha">aB/of/u is an important parameter which denotes the square 
root of the ratio of electromagnetic to viscous forces, where y Is the visco
sity. The boundary layer thickness can be expressed as a function of the 
Hartmann number. In a fusion reactor blanket, the Hartmann number is very 
large (10 3-10 4), hence the boundary layer is very thin. The boundary layer is 
Important primarily because it affects corrosion. 

The large Stuart number and the large Hartmann number mean that the 
electromagnetic force is dominant. The electromagnetic force is caused by the 
eddy current, the intensity of which depends both on the electromotive force 
and on the conductivity of the circuit. 

The magnetic Reynolds number Re -Vao.u denotes the ratio of the induced 
magnetic field strength to the magnetic field strength, where u m is the 
magnetic permeability of the fluid. If this value is large, we cannot neglect 
the magnetic field induced by the eddy current. In a fusion reactor blanket, 
the magnetic Reynolds number Is small (10 -'-lO 1 ) . 

As the electromagnetic resistive force is undesirable, a fusion reactor 
blanket should be designed so that the resistivity of the circuit is high. 
However, even if It is designed carefully, there may be an unknown current 
path. Testing will be necessary because of the difficulty in predicting the 
entire current profile and the importance of induced currents on pressure drop 
•inrt flow distribution. The test model should be designed so that the distri
bution of the electromotive force and the characteristic of the circuit are 
similar to those of the real blanket. The best way to attain similarity is to 
preserve aspect ratios. Reduction In dimensions causes alteration of the ncn-
dlmenslonal numbers. This may affect the HHD fluid flow and the pressure 
drop, but the effect seems to be small as long as the electromagnetic force is 
dominant. 

Magnetic field stength and flow velocity can be reduced when the absolute 
value of the pressure drop is iiot important. If the pressure distribution 
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along the channel is Important, the absolute value should be preserved, but we 
can reduce the value for verification of the pressure drop. Flow distribution 
seems not to depend on the field strength and the velocity as long as the 
electromagnetic rorce is dominant. The transition to turbulence should be 
avoided in a testing model because it is suppressed in a real blanket this 
requirement can be satisfied easily, because transition to turbulence is over 
an order of magnitude of field strength away. The requirements on the field 
strength and the velocity should v> discussed quantitatively, but it is very 
difficult because of the lack of knowledge. 

It is recommended that two types of experiments be performed: a verifica
tion test on the correlations between the MHD pressure drop or the flow 
distribution and the non-dimensional numbers, and a model test for the ascer
tainment of interactive effects such as global current effects. The former 
test can be made using a simple test section, such as a single bend. But a 
simulative model is needed with the major components of a real blanket for the 
latter test. The former type of test should be done before the latter type of 
test. Nuclear testing should be focussed on the latter type of test, because 
it is difficult to make many costly experiments. 

In the following, requirements for testing the effects discussed in Sec. 
6.2.1 are studied. 

6.3.1.2 Multiple Channel Effects 

One of the special features of the reference liquid metal blanket is the 
parallel toroidal channels in front of the main blanket. If there are paral
lel channels in contact with each other, the eddy current flows not only 
around a single channel but also across several channels. Hence the HUD 
pressure drop in parallel channels is quite different fro« the pressure drop 
i'.i a single channel. If there are parallel channels, the alteration of the 
velocity profile in a channel affects the pressure drop in the neighboring 
channels. The whole blanket should be treated in the calculation. In experi
ments, the test model should lie designed so that the eddy current distribution 
it. similar to that of a real blanket. A partial model can be used, but spe
cial attention should be pail to the confirmation that there is no current 
path which crosses the boundary of the model in the real blanket. 

The KHD pressure drop is one of the major issues in the liquid metal 
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blanket design. In a straight toroidal channel, the pressure drop Is consi
dered to be expressed as follows: 

w 

where Bp le the pololdal magnetic field strength and u b is the mean velocity 
In the channel. The conductivity ratio 4 la a t /o,a where t„ Is the half 

' Tw w w f w 
width of the walls normal to B p, I.e., the half width of the ribs. It should 
be noted that the effective wall thickness is equal to one half of the physi
cal thickness when two channels share a common wall. The MHD pressure drop is 
nearly the same with a single channel, because the return current must flow 
back through the ribs, 

The pressure drop In the second wall orifices Is entirely different from 
that in a single orifice as was discussed In Sec. 6.2.1-2. As long as there 
is some current path across the orifices, global currents flow, which affects 
the HHD pressure drop. The pressure drop depends on the number of orifices. 
Global current effects can be examined using a model which has several ori
fices. As excessive pressure drop should be avoided in the blanket, the 
orifices may be insulated to some extent. In this case, the coolant is likely 
to flow near the wall. The pressure drop Is affected by the local aspect 
ratios. The local aspect ratios should be preserved In the testing model. 
The effect of the Stuart number is not clear. It is desirsMe to preserve it, 
but useful information may be obtained from tests with different Stuart 
numbers. Of course, the Stuart numbers should be much larger than unity. 
There must be more than three orifices in the test model. 

fi.3.1.3 Velocity Profile Development 

The velocity distribution In the toroidal channel of the reference 
blanket is important because It affects both the first wall temperature and 
the corrosion rate of the wall. 

The effect of the poloidal field on the velocity profile cannot be 
neglected. If there is no pololdal field, the fully developed velocity pro
file may be parabolic because turbulence is suppressed by the toroidal field. 
In flew parallel to the magnetic field, the flow develops very slowly. The 
entry length I in a duct is given by: 
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I - 0.16 aRe (6-3.1-2) 
e a 

where a is the half width and Re a is the Reynolds number based on a' '. The 
ratio of the lateral (poloidal) magnetic field strength to the axial (toroi
dal) strength should be preserved in the testing model. 

Flow development under angled magnetic field is affected by the ratio of 
the field strength parallel and perpendicular to the flow as was shown in Sec. 
6.2.1.3. Since a rough model was used there, further studies are needed on 
this problem. It is desired to obtain the entry length by experiment. Ve 
should stress that the global current affects the resistive force in the 
radial direction, thus it affects the entry length. There should be several 
parallel channels. The local aspect ratios are very Important and should be 
preserved. The Hartmann number and the Stuart number have some effects. The 
peak velocity in the wall jet in the fully developed flow is affected by the 
former. The effect of the latter is not clear, but It affects flow develop
ment if the field is not angled.^ ' Preserving them is desirable. If It is 
difficult, parametric sLudles are needed, 

6.3.1.4 Necessity of Basic Experiments and Code Development 
Many uncertainties are left in thea area of MHD flow in fusion reactor 

blankets requiring further basic studies, as listed in Table 6.2.1-1. Scaling 
laws exist, based on t;.e non-dinensional numbers shown above, but our knowl
edge Is so limited that the performance of the rea' blanket using testing 
results with scaled conditions cannot be predicted. There is a current need 
for fundamental tests, such as MHD pressure drop measurements in a bend. 

A three dimensional code which can solve the eddy current and flow 
distribution simultaneously will provide inform tion on the MHD flow problem 
to a certain extent. MoBt of the MHD phenomena depend on the design. In the 
absence of a 3-D code, we cannot predict what happens when aspect ratios are 
changed. Of course, experiments are needed even if such a code exists. 
However, we can derive better information from the experiments with the 
code. It is recommended that development of the code should be done before 
integrated testing. 
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6.3-1.5 Summary 

MHD eddy currents are a "whole-blanket" phenomena In many tokamak blanket 
designs. The entire blanket, or a large fraction of It, must be modeled to 
address cbannel-to-channel flow distributions and pressure drop. Velocity 
distributions, temperatures, and thermal and pressure stresses are all related 
to eddy currents. Aspect ratios appear to be the most critical parameter In 
maintaining act-alike eddy currents. 

Requirements on the magnetic field strength are low If pressure distribu
tions along the channel are neglected. The transition to turbulence Is over 
an order of magnitude away and verification of pressure drop does not appear 
to require full field strength. It Is desired that the non-dimensional 
numbers N and Ha be preserved. If it is difficult, scaling laws are needed 
from parametric tests. As they are far larger than unity in real blankets, 
they Trust be large in the tests. 

Before Integrated testing, there Is a current need for fundamental tests 
and an advanced code. 
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6.3,2 Liquid Metal Thermal Hydraulics 

6.3.2.1 Introduction 

Thermal hydraulics analysis of liquid metal blankets Is very complex. 
There are several phenjmsna In these blankets that are poorly understood and 
contribute to the need for testing. For example, the liquid metal coolant In 
the Ll/Ll/V reference blanket has the following features: 

1. The velocity profile for liquid metal flow under magnetic field is not 
well understood especially for the case of channels where the coolant 
turns from poloidal to toroidal direction through a bend while crossing 
magnetic field lines. This will cause peculiar velocity profiles (see 
Section 6.2.1) which in turn affects the first wall heat transfer. 

2. Heat Is generated volumetrically throughout the liquid metal coolant. It 
has been shown (see Section 6.2.2) that this affects the coolant tempera
ture profile and hence the structure temperature. 

3. The coolant flows in hydrodynamically and thermally developing regions. 
Ac a result, the first wall hert transfer depends on the position in the 
blanket and on the cetalls of the blanket geometry and operating condi
tions. 

I*. The above three phenomena are nonlinearly Interactive. That is, their 
affects are not additive. 

One of the objectives of this study is to perform engineering scaling for 
liquid raetal bl3nlt<-*-3 in order to design test modules with which, upon experi
mentation, the unknown and poorly known phenomena would be revealed and 
perhapa resolved. A more detailed description of the philosophy of engineer
ing scaling for liquid metal blankets is given in Section 6.1. Engineering 
Bcallng of such a complex system is a very elaborate task. The first step, 
however, is to Identify and quantify the importance of device parameters for 
the many Issues that have been recognized to be critical for liquid raetal 
blanket design, operation, and testing. 
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6.3.2.2 Importance of Device Parameters 
Device parameters directly affect the thermal hydraulics of the liquid 

metal blankets.. Temperatures and temperature profiles are the key parameters, 
since most of the phenomena depend on them. General guidelines for liquid 
metal thermal hydraulics scaling include: 

1. Hydraulics of the blanket should be preserved. This Includes the veloci
ty profiles and channel geometry. The effects of nonuniform velocity 
profiles on heat transfer and corrosion is one of the greatest uncertain
ties in the liquid metal blankets. Loss of the velocity profiles would 
therefore seriously limit the usefulness of testing. 

2. Temperatures and temperature profiles in the coolant and structure should 
also be preserved. Temperature profiles affect thermal stress and 
Irradiation damage effects; therefore, failure modes are highly dependent 
on temperature profiles. Mass transfer has also been shown to depend on 
both temperature and temperature profiles. The coolant temperature 
profile is not generally preserved unless item 1 above is satisfied. 

3. The reference blanket and the test module should be in the same thermal 
and hydrodynamlc developing region since the heat transfer coefficient in 
the entrance region varies spatially. 

With these in mind, several examples are given of how the device parame
ters affect the thermal hydraulics of liquid metal blankets and how to main
tain these behaviors at reduced device parameters. 

First Wall Temperatures 
First wall temperatures are very important to many issues such as corro

sion and first wall stress. The heat conduction equation nay be solved 
directly to obtain the following: 

Tl " T2 " <Vfw / 2 + Vfw > / kf„ C 6- 3- 2- 0 

Tl ' Tavg " ^Aj* + V f w / 2 ) / k f w ( 6 - 3 - 2 " 2 > 
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Tavg " T2 - <W> + %y2'^« ( 6 - 3 ' 2 " 3 > 
Where T, and To are plasma and coolant side first wall temperatures 

respectively, and T_v„ is the first wall average temperature. There are 
incentives to preserve the magnitude of the temperatures Tj and T 2; T2 for 
corrosion and Tj for radiation effects testing. Temperature Tj also Impacts 
the first wall surface damage mechanisms while Tj-T2 is important for thermal 
stresses 

As the volumetric heat generation and surface heat flux are reduced by 
switching from the reference conditions, the first wall thickness may be 
increased according to Eq. (6.3.2-1) to preserve Tj - T 2. Meanwhile, T is 
not preserved, nor is the thermal stress due to the first wall temperature 
profile. Figure 6.3.2-1 shows how temperatures vary with the test device 
parameters, keeping T1-T7 constant by var̂ 'rig the first wall thickness. It is 
seen that the deviations in T j - T , and T -T 2 increase as the neutron wall 
load Is decreased. 

Thermal Stresses 

Thermal stresses at the first wall are also very important. In some 
designs, the thermal stress is so high that the structure undergoes signifi
cant plastic deformation. If this high level of stress is not achieved in the 
test module, then it is unclear whether any benefit is gained from testing 
failure -nodes and the interaction of stresses and deformations. It is be
lieved that the main parameter causing the first wall stresses in the tempera
ture difference between the first and second walls (see Section 6.2.4). From 
the analysis in Section 6.2.2, this temperature difference may be written as 

3 1 n 
T c - T --r^- (q. - q + 0 a f dn f «In(f-l)J (6.3.2-4) fw sw k fw sw v . • , c -1 -1 

where the first wall heat flux, qc , is the sum of the surface heat flux and 
the heat generated in the first wall, and q g w is only the heat generated in 
the second wall. The integral term in Eq. (6.3.2-4) is due to the interactive 
effect of the velocity profile and the heat generation. This integral becomes 
identically zero for sy rime trie velocity profiles, hence the temperature 
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difference In Eq. (6,3.2-4) becomes independent of the velocity profile. 
This, however, is not likely to be the case. There are indications that the 
coolant velocity profile In the toroidal channels will be nonuniform through
out the entire length of the channel and may exhibit a peak near the second 
wall. 

Figure 6.3.2-2 shows the dependence of the temperature difference between 
the first and second walls for various velocity profiles. The figure confirms 
that the first and second wall temperaturea are very sensitive to the velocity 
profile and that the velocity profile should be preserved. Preservation of 
the velocity profiles depends primarily on maintaining the blanket geonetry 
and magnetic field strength. This issue is further discussed In Sections 
6.2.1 and 6.3.1. 

Importance of Heat Generation 

A question frequently raised is whether a test module may be designed 
under reduced heat generation. One way la to replace volumetric heat genera
tion with surface heat flux while preserving the total energy input. Figure 
6.3.2-3 shows this model. The test module is operated under reduced heat 
generation (6 •> nQ ) while the heat flux at both surfaces have been in
creased co compensate for this reduction. The figure shows how the first and 
second wall temperatures are varied as a function of the fraction n which may 
^lso be thought of as the ratio of the test to reference neutron wall load. 
It is clear that while the total energy input and bulk temperature are pre
served, the first and second wall temperatures have Increased. Figure 6.3.2-4 
shows the coolant velocity profiles for the two cases: with (n " 1) and 
without (n - 0) heat generation. It Is seen that the temperature profile Is 
strongly affected by the presence of heat generation. 

It is possible to reduce the volumetric heat generatit-n and t ice heat 
flux in order to preserve the wall temperatures. That is, to solve for such 
q w and q~ that would preserve the wall temperatures. This case Is also 
included in Fig. 6.3.2-4. It is seen that the temperature profile matches 
very well with that for the reference conditions. There are, however,two 
concerns. (1) The two wall heat flux have been reduced (at different rates), 
this alters the temperature profiles in the first and second walls. (2) The 
total energy input and the bulk temperature is not preserved. One way to deal 
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with the latter is to decrease the coolant bulk velocity accordingly in order 
to preserve bulk temperature (e.g. for this case u. must be decreased by a 
factor of 2.03). Reduction of the velocity In turn nay pose problems of its 
own, e.g. different fluid regime, pressure drop, etc. 

Importance of Velocity Profile 

The velocity profile affects the temperature profile as well as the first 
and second wall temperatures (as seen in Fig. 6.3.2-5). There are many pheno
mena that depend on temperature profiles, e.g., the coolant heat transfer 
coefficient and corrosion. Figure 6.3.2-5 compares the two cases of slug flow 
and gaussian velocity profile. The coolant temperature profile is a strong 
function of the velocity profile and that to preserve the temperature profile, 
velocity profiles should also be preserved. 

Importance of Size 

Size is one of the major device parameters. It sets limitation on the 
dimensions of the test module. One desires to decrease the size of the test 
module without changing the thermal characteristic of the blanket. One major 
consideration 1B the thermal entry length. It is known that the Li/Li/V 
reference bZanket is entirely in the thermally developing region and enjoys 
higher than ordinary heat transfer coefficients. The test module should also 
be designed to operate in the same developing region. To do this, a dimen-
slonless number called the Fourier number should be preserved. 

Fo = aL/ua2 (6.3.2-5) 

where L and a are the length and half width of the coolant channel. If L is 
decreased, a should also be decreased In order to preserve the Fourier number. 
This Is clearly In contradiction to the earlier suggestion of increasing a 
while the heat generation rate, Q , is decreased. Again, the coolant bulk 
velocity may be altered to preserve the Fourier number, but (as was earlier 
discussed) one should consider the preservation of other hydrodynaraic effects. 

Importance of Burn and Dwell Times 

The most important time constant in liquid metal blankets is the coolant 
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residence time. This is the blanket's thermal characteristic time since any-
thermal information is coupletly transfered across the blanket in the resi
dence time. Ideally, one desires very long burn and short dwell times, since 
the reference condition is that of steady state. Practically, however, one 
would like to quantify the usefulness of the test module (or the degree of 
being act-alike, or the information lost) versus the test device burn and 
dwell time. This, of course, requires extensive and detailed investigation of 
the thermal hydraulics of the liquid metal blanket. But as a first order 
approximation, it la desirable to have burn time much greater than residence 
tine. This would limit the thermal transient time (-residence time) compared 
to the burn tine. 
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6.3.3 Corrosion 

6.3.3.1 Overview 

The issue of corrosion mass transport affectB blanket design and opera
tion in several ways. The ultimate consequence of corrosion Is to set upper 
limits on the blanket temperature design window and to limit the blanket 
lifetime. These limits can be attributed to three primary aspects of corro
sion: (1) removal of structural material from hot regions of the coolant loop 
(I.e., the blanket cooling channels) results In wall thinning and enhancement 
of material properties degradation, (Z) transport of the corrosion products 
results in activation of the entire primary cooling system, and (3) redeposl-
tion of corrosion products In the cold regions of the coolant loop (i.e., the 
heat exchanger) results in tube plugging. There are several major uncertain
ties in our ability to predict corrosion, mass transport, and redeposition. 
Because this issue sets temperature limits on the liquid metal blanket de
signs, possibly eliminating the window entirely, it is of critical Importance, 

Most of our current phenomenological understanding and predictive capabi
lities of liquid metal corrosion In fusion reactor blankets is based on a 
small amount of applicable data. The majority of data are from experiments 
with sodium and stainless steels. Some Information is available for lithium 
and stainless steel systems, but very little Information is available for 
lithium and vanadium systems. 

There also is a need for better definition of transport data (solecular 
diffusivlties, solubilities, etc.) for the particular structural species 
(vanadium, austenltic and ferritic steels) and coolants (lithium and lithium-
lead) of interest to fusion. As indicated in Section 6.2.3, It has been 
necessary to estimate some of the necessary data from sodium information or 
order of magnitude theoretical predictions in order to model dissolution 
behavior. 

One of the key features of liquid metal blankets which has been absent 
from corrosion test data is the effect of the magnetic field Interactions on 
corrosion mechanisms. Liquid faecal corrosion testing has centered on experi
mentation with either capBule tests, forced-convection r,r thermal-convection 
loops.'*»*•" Corrosion in HHD induced velocity fields has not been moni
tored. 
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The effect of magnetic field on corrosion is an example of a multiple 
Interaction teat, which resolves one of the suspected key interactions involv
ing mass transport. A level of uncertainty will remain due to the combined 
effects of all of the fusion environmental conditions, Including: magnetic 
field, radiation, bulk heating, impurities, and system interactions. 

Two of the most important system parameters which affect corrosion are 
velocity and temperature (both the absolute magnitudes and spatial profiles.) 
The importance of chese parameters has been studied and scaling methods for 
preserving act-alike behavior determined. 

6.3.3.2 Velocity Scaling 

For liquid metal flows perpendicular to the magnetic field, the magnetic 
field tends to retard mass transfer by laminarlzing the flow (suppression of 
turbulence), as compared to that of fully turbulent flow. However, at the 
same time, mass transfer is enhanced by thinning the momentum boundary layer, 
similar to turbulent flow. Whether the thinning of the momentum boundary 
layer by magnetic fields or by turbulence is more severe has not been assessed 
in this work. The main focus of engineering scaling is to identify signifi
cant effects and determine methods of preserving these Important phenomena; 
quantitatively predicting corrosion rates is a secondary concern. It Is 
possible that corrosion will be enhanced in some areas of the coolant loop and 
reduced in others due to magnetic interactions. 

Figure 6.3.3-1 shows the predicted effect of Hartmann number (magnetic 
field strength or velocity gradient) on the corrosion or dissolution rate. 
Actually, this figure shows the sensitivity of the mass transfer coefficient 
to the velocity gradient near the wall. The results do not indicate a direct 
effect of magnetic field, but rather the Impact of the HHD velocity profiles 
on the relative position of the momentum and concentration boundary layers. 

The entrance lengths required for momentum, concentration, and thermal 
profile development will not In general coincide. Due to the properties of 
liquid metals, and lithium in particular (low Prandtl number and high Schmidt 
number), the three profiles will develop at different rates. To obtain act-
alike corrosion behavior, the relative positions of the concentration and 
momentum boundary layers should be maintained between the blanket and the test 
module. This requirement may preclude complete act-alike behavior in a single 
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test nodule if the device parameters are altered — particularly the length of 
the coolant channels. In addition, geometric nonuniformities (inlets, out
lets, flow obstructions) may be important if they delay or interrupt the 
development of a particular boundary layer. 

6.3.3.3 Residence Time 

The model presented in Section 6.Z.3 indicates that one possible tech
nique for obtaining act-alike corrosion behavior is to maintain the fluid 
residence time of the system. If the channel length is reduced, then an equal 
reduction in velocity will result in a good model of the convective/diffusive 
aspects of corrosion. Figure 6.3.3-2 shows the corrosion behavior with 
constant residence time, which is obtained by decreasing the velocity and 
channel length proportionately. Identical corrosion behavior was predicted 
when the axial position Is normalized to the total channel length, indicating 
that residence time scaling is valid for dissolution behavior. 

If the channel lengths are restricted by a reduction in the test module 
surface area, then reducing the coolant velocity will also maintain the 
coolant temperature rise. Figure 6.3.3.3 indicates that residence time 
scaling Is still valid In the presence of temperature gradients. This can be 
interpreted as the result of maintaining the momentum boundary layer (Hartraann 
number) and wall concentration (temperature) for each corresponding axial 
position. 

6.3.3.4 Temperature Scaling 

Both the absolute value and the axial increase In temperature will be 
important to both the dissolution and Impurity interaction processes. The 
absolute temperature will dominate the kinetics of the interfacial reaction — 
both impurity and dissolutive. The channel temperature increase will probably 
affect primarily the dissolutive reaction. In this section, the temperature 
dependence of the chemical kinetic portion of the interfacial reactions is 
ignored, although it may be an important contributor to the test requirements 
on temperature. 

If the surface heat flux and bulk heating are reduced, preservation of 
either the average or the outlet temperature are two possible scaling options. 
In reactors, the outlet temperature Is the most restrictive corrosion limit, 
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while average temperature may be important for other concurrent testing In a 
particular test module design. Figure 6.3.3.4 shows the contrasting behaviors 
obtained with constant average versus constant outlet temperatures. 

From a corrosion act-alike standpoint, preservation of both outlet 
temperature and channel temperature increase is desirable. Loss of channel 
"absolute temperature." would affect both dissolutive and impurity reactions, 
while loss of channel temperature increase would primarily affect dissolution. 

It has been shown in Section 6.2.3 that three regimes of corrosion occur 
in a cooling channel with heat Input. In the first regime, the concentration 
near the wall is small compared to the solubility and a fairly high corrosion 
rate results. After a short distance, the concentration profile develops and 
the cormsion mechanism begins to saturate. Due to the increase in tempera
ture and solubility at the wall, the corrosion rate overcomes the saturation 
mechanism and continues to rise according to the behavior of the wall tempera
ture, A loss of temperature rise is tolerable for model verification aa long 
as the three regimes are observed. From figure 6.3.3.4, it is clear that the 
coolant residence time should not be reduced by more than about a factor of 
two, or the corrosion behavior may not be reproduced. 

6.3.3.5 System Interactive Effects and Test Requirements 

At this time, system interactive effects are probably the least well 
understood aspect of corrosion. Interalloying of structural material, bulk 
transport of corrosion products to other system components and impurity 
movement an<i control all result from the integrated nature of the blanket and 
Its related systems. The severity of each of these effects is unknown. In 
addition, there may be other important phenomena not yet discovered. 

In the model described in Section 6,2.3, the bulk concentration of 
corrosion products at the inlet to the channel has be-ju assumed to be negligi
ble. The hulld-up of corrosion products in the bulk free stream will be 
extremely important and may cause deposition rather than corrosion at the 
inlet, and reduced corrosion near the outlet. Studies such as MARS and BOSS 
have concluded that deposition In the heat exchanger, rather than thinning and 
wastage in the blanket, are the limiting factor in blanket designs. The 
effect of corrosion product buildup has not yet been assessed in this study. 
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Aanon has suggested that the most useful scaling technique for certain 
of these interactive phenomena 1B to preserve the ratio of surface areas 
^tween the hot and cold regions. 

6.3.3.6 Summary 

The test requirements described in this section are based on a very 
simple model which relies on a small amount of data to model a very complex 
process, the modeling performed for the dissolution mechanism of liquid metal 
corrosion has proven to be the most fruitful for determining test require
ments. The results indicate that the relative position of the momentum and 
concentration boundary layers are Important to maintain act-alike behavior. 
Fluid residence time scaling for convectlve/diffuslve pro-esses nppears to be 
valid. 

The behavior of both dissolution awl Impurity interactions will be 
affected by changes in absolute and axial Increase of channel temperature. 
Analysis of the diffuaive/convective corrosion mechanism suggests that the 
fluid residence time should be reduced by no more than about a factor of two. 
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6.3.A Results and Conclusions of the Structural Analysis 

Analyses of the BCSS lithium cooled and MARS lead-lithium cooled refer
ence designs are described in Section 6.2.4. Application of the structural 
•odels discussed in Section 6.2.4 to the design of teat modules for testing in 
a tandem mirror device are explored in Section 6.4, below. Some genera?, 
conclusions are reported in this section. 

6.3.4.1 BCSS Reference Blanket 

The analysis discussed in Section 6.2.4.2 considers a first wall under 
high thermal stress which contains the coolant pressure in bending. The high 
thermal stresses are partly due to the choice of a composite plate structure, 
which increases the moment of inertia to efficiently contain the pressure, but 
also increases the average temperature difference through the wall. The 
composite flat plate first wall is a reasonable design approach for liquid 
metal;, because the coolant/breeder can fill and cool the structure (the 
torolial channels in the reference design) with no neutronlc penalty. This 
allovs the design of a high moment of Inertia structure to resist bending with 
good neutronlc performance. The penalty Is thermal stress; to increase the 
moment of inertia the structure should be nade deeper (e.g. Increase the web 
in the y direction in Fig. 6.2.4-1) which tends to Increase the temperature 
difference and thus the thermal stress. 

In the BCSS reference design the thermal stresses exceed the yield 
strength of the material, but not the reported allowable value for secondary 
stresses. The guidelines used in BCSS for allowable stresses are consistent 
with the ASHE code, which allows yielding in some materials due to secondary 
stresses. However, designing ir. the plastic regime is subject to some contro
versy. Problems may arise due to thermal ratcheting agravated by Irradiation 
creep. Since the model considered here does not include initial plastic 
deformation (plastic deformation due to Irradiation creep is included) the 
effects of high secondary stresses and thermal ratcheting have not been eval
uated quantitatively. A fruitful area for future work would be to Include 
Initial plastic effects in the model, and to examine designs which contain the 
coolant pressure in hoop stress and thereby incur lower thermal stresses; 

6-194 



Several useful conclusions can be drawn from the results of our work. 
Aspect ratio scaling appears to work well for preserving stresses. If a test 
•odule Is operated at reduced wall loading and surface heat flux, stresses can 
be Made act-alike by Increasing all dimensions of the structure In direct 
proportion such that the temperatures are preserved. Stress response does not 
appear to be sensitive to small changes in the temperature profile as long as 
the temperature difference averaged over the area of the structure is pre
served. For example, a test module with a thickened first wall and lowered 
heat flux has a nwre parabolic profile than the reference blanket. This has a 
negligible (less thtin a few percent at a surface h*at flux of 20 W/cm 2) effect 
on stresses according to our calculations (see Fig. 2.4.2-2). Pressure stres
ses are preserved if the pressure and aspect ratios are preserved, and can be 
controlled somewhat when aspect ratios are not preserved by adjusting the 
pressure. 

Some experimentation in trying to preserve stresses without preserving 
aspect ratios was performed. It was found that the model was relatively 
insensitive to changes in the web connecting the first and second walls. 
Stress profiles can be made reasonably act-alike (within 102 in a test device 
operating at 2 MW/m2 neutron wall loading and 20 W/cm2 surface heat flux) by 
Increasing the firet and <=r.eond wall thicknesses and retaining the overall 
depth of the composite wall (decreasing the web height). However, thermal-
hydraulic analysis indicates that the channel thickness should Increase at 
reduced heat flux and wall loading to match temperatures (Bee Section 6.3.2). 
The best way to preserve stresses is to preserve aspect ratios. 

The above conclusions were found to hold when radiation creep was inclu
ded. No creep data was available for the vanadium alxoy at the time of this 
writing, so values for HT-9 were used for the creep coefficient and creep 
exponent in equation (2) of Section 6.2.4.2. The results shown in 
Figs. 6.2.4-4 through -6 indicate two important conclusions: (1) Thermal 
stresses relax due to irradiation creep after roughly two months (10-12 dpa) 
of operation in the power reactor. This means that several wraths of opera
tion will be required in a lower wall loading test device to study stress 
relaxation. Stresses toward the center of the span reverse (Fig. 6.2.4-5) due 
to the coolant pressure. Note that dpa rate dependence Is not Included in the 
model. Rate dependence may be negligibly small, however, If thermal creep is 
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significant stress relaxation patterns will be strongly affected by dpa 
accumulation rates; (2) Deformation appears to continue after the higher 
stresses have relaxed (see Fig. 6.2.4-6). The continued deformation Is 
presumably due to pressure stresses. This could Impose a constraint on blan
ket life, depending on the amount and impact of defomatlon In a particular 
design. 

Results of this section and their Impact on testing are discussed further 
in Section 6.4. 

6.3.4.2 MARS Reference Blanket 

The analysis In Section 6.2.4.3 considers a very different situation than 
that of the BCSS design in the previous section. The MARS design has ouch 
lower thermal stresses, and the blanket supports are of fundamental importance 
in determining the first wall stresses. The model Includes raiiatlon and 
thermal creep and swelling. The major results of this analysiJ are that 
aspect ratio scaling will work if damage (primarily swelling) gradients can be 
preserved (this may be difficult), and that stresses continue to rise through
out the useful lifetime of the blanket. These results and their iapact on 
Integrated testing are discussed further in Section 6.4. 

The model described in Section 6.2.4,3 includes all the effects consi
dered to be important to the MARS blanket structural response. Thermal stres
ses do not exceed the yield strength of the material as they do in the tokamak 
blanket discussed above. The major uncertainties are in the materials data. 
Recent, unpublished data indicates that swelling In HT-9 may be negligible, 
rather than a dominant contributor to end-of-Hfe stresses as indicated by our 
analysis. Good materials data is a necessity In developing reasonable fusion 
reactor blanket designs. 
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6.3.5 Neutronics 

6.3.5.1 Introduction 

Module tests Bay be perforned in a fusion test device which Is smaller in 
both size and power than a fusion reactor. To simulate the phenonena which 
take place in the full size reactor blanket under scaled test conditions, the 
size of the blanket compojente may need to be changed. Moreover, the module 
test may be done with a single test nodule which is surrounded by reflectors 
and plugs. Since neutronics parameters are sometimes sensitive to the geomet
rical configuration of the system, scaling the device size or the test nodule 
size may affect the neutronics parameters. Also, the very different environ
ment around the module which is expected in single nodule testing may disturb 
spatial profiles of the parameters. 

The purpose of this section 1B to demonstrate the influence of neutronics 
parameters on the effectiveness of blanket testing under scaled conditions. 
Both the absolute value and the spatial profiles of the neutronics parameters 
depend on the device size, the module size, and the module environment. Here, 
these dependences are analyzed and discission of the results of this analysis 
is presented. 

An overview outline of the results provides the following conclusions: 
(1) The magnitude of device size effect is ~ 20-30% for bot.h the absolute 
value and the relative profile of the parameters, provided the device first 
wall radius Is larger than 20 cm, (2) The influence of the module thickness 
on the neutronics parameters Is very small (less than 153!). (3) A change In 
the first wall thickness gives rise to a 30-50Z Increase in the heating rate 
in the first wall. (4) The effect of module width and environment on overall 
depth profiles Is •-- 10%, 

These results indicate that the simulation of neutronics behavior of the 
module will be attained relatively easily under scaled conditions. Note that 
the conclusions of this section are derived for general blanket testing rather 
than neutronics testing. The required accuracy in neutronics testing, which 
1 presented in Chapter 7, is very severe; for neutronics testing undcu scaled 
conditions, simulation of the blanket behavior requires a more sophisticated 
treatment than that described in this section. 
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6.3.5,2 Method of Analysis 

The balk of the neutronics calculations were performed with full coverage 
geometry around the plasma using the one-dimensional code ANISN. ' The 
results were used to analyze the size effects of the device and the test 
module. The multi-group constants used in the calculations were the same ones 
already described in Section 6.2.5. 

To facilitate the analysis of the geometrical effect which arises from 
testing a single module in a teat port, multi-dimensional calculations were 
also performed. The pointwlse Monte Carlo code MCNp") was utilized in the 
analysis together with its library data. The vertical profiles of the neu
ronics parameters around the first wall were analyzed using the Monte Carlo 
results. Although there is no limitation on geometrical modeling for the 
Monte Carlo calculation, poor statistics sometimes makes it difficult to get 
accurate profiles at relatively deep locations in the module. The two-dimen
sional code DOT-4.3*--3' was utilized instead of the Monte Carlo code to obtain 
the depth profiles of the parameterso These calculations were performed baaed 
on 23 group (nl3 + ylO) constants, which were derived from the VITAMIN-C/-
MACLIB-IV library,* ' using a third order Legendre expansion (Pj) and 16 
angular mesh (S*) approximation. 

6.3.5.3 Device Size Effect 

The effect of the device size on the absolute value and the profiles of 
the neutronies parameters is considered In this subsection. The analysis was 
performed assuming that the full size module would be used in three different 
size devices. Figure 6.3.5-1 shows the material configuration of the full 
size module. This Is identical to the reference nodule of the self-cooled 
liquid metal blanket except that VI5Cr5Tl alloy is used in the reflector 
Instead of Fel422 (See Figure 6.2.5-1). The device parameters, I.e., the 
plasma radius r_ and the first wall radius r f of the three devices are Hated 
In Table 6.3.5-1. 

First Wall Parameters 

Table 6.3.5-2 shows the results of the first wall radiation damage 
indicators, I.e., UFA, hydrogen production rate, and He production rate, as 
well as the nuclear heating rate. The values in the table are averaged over 
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Thickness 
(cm) 

First Toroidal 
Channel 

VCrTi 10.7% 

Li 89.3% 

Second 

Wall 

VCrTi VCrTi 1Z 

Li 99% 

VCrTi 90Z 

Li 15iS 

Shield 

Fel422 90S! 
He 10* 

Figure 6.3.5-1 One Dimensional Model for the Full Size Module 
of the Li/Li/V15Cr5Ti Blanket 



Table 6.3*5-1 Device Parameters Assumed 
in the Analysis of Device Size Effect 

r (cm) rf(cm) 

Tokamak 
Mirror 
Test Device 

94 214 
50 60 
15 25 

Table 6.3.5-2 Flr3t Wall Parameters Obtained 
for Three Different Size Devices 

N.H. (a) DPA (b) ,(c) He (d) 

Test Device 9.02 IB.87 523.6 126.8 
Mirror 9.16 20.81 547.2 132.0 
Tokaraak 10.11 22.35 564.5 135.8 

Note (1) a. Nuclear Heating Rate in units of w/cm . 
b. Atomic Displacement Rate in units of dpa/yr. 
c. Hydrogen Production Rate in units of a ppm/yr. 
d. He production Rate in units of ppm/yr. 

Note (ii) 2WW/m wall load was assumed. 

Table 6.3.5-3 Attenuation Coefficient of 
Nuclear Heating Rate 

Region a (1/cm) 

First Hall 0.121 
Toroidal Channel 0.0626 
Second Wall 0.147 
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the first wall thickness. The damage Indicators were obtained by averaging 
the data of each element over all elements In the first wall structure. The 
absolute value of the data In Table 6.3.5-2 Bhows a general tendency: the 
smaller size device results In a lower value for every parameter. This means 
that reducing the device size decreases the parameter value. 

As was derived in Section 5.3.1, the total neutron flux at the first wall 
is expressed as: 

4A ,tor- =. , u n c o 1 + - i__ j u " c o 1 , (6.3.5-1) 1 - A t 

where $ u n c°l - the direct neutron flux from the source, 
juncol _ (.jjg n e u t r o n current of direct neutrons, 
A =• the albedo value of the blanket system. 

The second term accounts for the scattered (low energy) neutron component. 
Neutronics parameters are proportional to the total flux, * , while the 
reactor power is usually expressed by the neutron wall load, which Is propor
tional to j u n c ° l . Therefore, at fixed wall load, the variation in neutronics 
parameters with geometry can be expressed by the varitlon in the ratio of the 
total flux and the uncollided current, or f , where 

uncol 4A 
f = - T+l—^7— (6.3.5-2) s .uncol 1 - A J 1 

The data In Table 6.3.5-2 are plotted In Figure 6.3.5-2, where the 
ratio $ u n c o l / j u n c o 1 (wlllch 1B the first term in Eq. (6.3.5-2) and the value of 
f corresponding to the conditions in the Table 6.3.5—1 are also plotted in 
the same figure. All values in Figure 6.3.5-2 are normalized to 1.0 at the 
tokaraak condition. Although the neutron number albedo was used to estimate 
the value of f g, the trend is reproduced well. To get more accurate values, 
we need to determine more adequate values of A for each parameter. The 
value of A depends on the radius of the flr.it wall iy, while the first 
term * u /J u depends cm the ratio r /r, , where r is the plasma radius. 
When the aspect ratio r /r, is fixed and the device alze le changed, the 
neutronics parameters will vary as shown in lig. 6.3.5-3, where the albedo of 
0.63 for the tokamak condition was assumed, the dependence of the albedo on 
the first wall radius was taken from Fig. 5.3.1-8, and r /r. = 0.906 was 

P f 
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Figure 6.3.5-2 Scaling relation of the first wall parameters 
as a function of device size. 
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Figure 6.3.5-3 Scaling factor f as a function of first wall 
radius with the condition r /r.= 0.906. 
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assumed. If the radius r, is fixed, and the ratio r /r Is changed, the 
neutronlcs parameters will vary as shown with the solid curve in Fig. 5.3.5-2., 
as a function of the ratio r /r,. Comparing Fig. 6.3.5-3 with the solid line 
in Fig. 6.3.5-2, the sain component which causes a decrease in the parameter 
value is the second terra In Eq. (6.3*5-2). 

The following observations are obtained from the results in Figs. 6,3.5-
2, 6.3.5-3 and Table 6.3.5-2: 

(1) As the device radius decreases, the parameter values obtained at the 
same wall load will decrease, especially for very small devices with radius 
less than 20 cm very small values are obtained (See Fig. 6.3.5-3.) 

(2) For the helium and hydrogen production rates, the second term (low 
energy neutron contribution) in Eq. (6.3.5-2) is not important. So they 
follow roughly the curve of the ratio 4uncol/juncolf consequently, the device 
size effect is smaller for these parameters than for other parameters. 

<3) The parameters in the test device of Table 6.3.5-2 deviate from those 
in the tokamak case by about 20% at maximum. 

The conclusion of this subsection is Lhat the device size iffect on the 
first wall parameters is within ~ 2031 unde.~ the same r?all load, if the test is 
performed in a device having a flist wall radius larger than 20 cm. 

Depth Profiles of Nuclear Heating Rate and Tritium Production Rate 

Figure 6.3.5-4 shows depth profiles of the nuclear heating rate and the 
tritium production rate throughout the whole blanket region. Two things are 
observed from this figure. Ar- ĥe device size decreases, the absolute value 
of the data decreases for both parameters. This was already discussed ahove 
for the first wall parameters. The shape of the profiles is scarcely changed 
with the device size, although the gradient of the curves gets slightly 
steeper as the device si2t decreases. Rigorous treatment of this probleR ia 
very difficult. As the aspect ratio r /r, was changed simultaneously with the 
device size, the angular distribution of incident neutrons was chiinge.1 from 
case to case. But it can be concluded from the results in Figure 6.3.^-4 that 
the profiles of the neutronics parameters are mainly determined by the neu-
tronic properties (cross sections) of the blanket system, so the effect of the 
change In the device size Is not large. 
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To compare the shape of the profiles in more detail, three curves of each 
parameter Jo. Figure 6.3.5-4 were renormallzed to the value of the test device 
at the top <.i the poloidal channel, I.e., the point of 6.5 cm depth. The 
results are shown In Figure 6.3,5-5. In the region from the first wall up to 
20 cm deep In the pololdal channel, the profiles are almost the same for the 
three devices. Even if the whole blanket region is considered, the profiles 
are in the range of ~ 303! deviation for both parameters. 

The conclusion of this subsection is that the effect of the device size 
rip the profiles for the nuclear heating rate and the tritium production rate 
is small (within 30Z). 

6.3.5.4 First Wall Thickness Effect on Nuclear Heating Rate 

Module testing performed at reduced power, nay require the first wall 
thickness to be increased to achieve the same level of thermal stress. The 
increased first wall thickness will change the radiation field around the 
first wall, because high energy neutrons will be attenuated more by the 
thicker wall and this will give rise to additional low energy neutron produc
tion by (n,2n) reactions and also cause more gamma—ray production. The 
purpose of this section is to consider the effect of the first wall thickness 
on the nuclear heating rate around the first wall. 

Figure 6.3.5-6 shows che material configuration of the test module used 
in the analysis. The first wall thickness was increased from 0.5 cm, which 
was the reference case, to 1.34 en. The second wall was also increased from 
1.5 cm to 2 cm, while the thickness of the toroidal channel was kept at the 
same value. Figure 6.3.5-7 shows the calculated results of the heating rate 
in comparison with the data for the reference blanket, which were cited from 
Figure 6.3.5-4. The increase in the first wall thickness resulted in about 
30Z higher heating rate in the first wall and in the second wall, while the 
heating in the lithium layer (toroidal channel) was scarcely changed. 

The enhancement of the first wall heating was caused by gamma 'Ays, which 
were produced by the increased wall material, because gamma-ray heating 
dominates the heating in the first wall, na is seen in Figure 6.3.5-7. The 
lithium layer is almost transparent to gamma rays, so Its heating was not 
affected, but the transmitted gamma rays to the second wall through the 
lithium layer deposited additional energy In the second wall. 
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High energy neutrons were attenuated by adding to the first wall thick
ness, but this effect was cancelled by the Increase of low energy neutrons 
produced by neutron multiplication in the first wall. Consequently, the 
heating in the lithium layer, which was dominated by neutron heating, kept the 
same values. 

The data of the total heating rate in Figur? 6.3.5-7 were fitted to an 
exponential curve, 

q(x) - q 0e - 0 0 t . (6.3.5-2) 

The a values of each region were not changed by the first wall thickness. 
Results of the ot value are listed in Table 6.3.5-3. 

The derivation of the scaling factor for the coefficient c^ is very 
difficult. Very rough assumptions will be used to simplify the derivation. 
The value of q« in the first wall is proportional to the total neutron and 
gamma ray flux at the front of the first wall, which is written by the albe
do, A t of the blanket system as 

.uncol . .col 
*tot * * + • . 

4A . 4«ncol + _ ^ _ juncol ^ (6.3.5-3) 

where $ u t l c o and j u n c o
 a r e the flux and current of direct neutrons. We 

assume that the albedo is proportional to the amount of backscattered fast 
neutrons from the blanket. Then the blanket is split into two parts; the 
first wall and the remainder. The number of backscattered fast neutrons is 
written by an empirical formula as,^ ' 

—2px„ —2ftx~ 
N f ~ v L (1 - e u ) + Y 2e U, (6.3.5-4) 

where XQ » the first wall thickness, 
P " fitting constant, 
Y, " albedo value at XQ 

and y » albedo value of the blanket part other than the first wall. 
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We will make another simplification to the second term in Eq. (6.3.5-3) as 

* c o t ~ 4 J u n C o 1 (? + A e ) , (6.3.5-5) 

.uncol 
where £ • , . , .uncol 

So the qn value should be 

q 0 = % + A t . (6.3.5-6) 

From the assumption, 

-2Sx 
A l " Y l + ( Y2 " V e ' (6.3.5-7) 

the q 0 value is written simply as 

" 2 e x 0 q 0 = k{(C + Yj) + (Y2 " YL)e }, (6.3.5-8) 

0̂ 
-26x0 

= n + xe • (6.3.5-9) 

where n = k(C + Yj ) . T - k(y2 - Tj )-

He need to determine n» T, and g in Eq. (6.3.5-9) from known qg values at 
various thickness x • 

Unfortunately, we have only two cases now for x = 0.5 and 1.34. The 
value of B should be close to the value of the attenuation coefficient of 
neutrons. The estimated neutron attenuation coefficient is ~ 0.25 using the 
curve of the neutron heating rate in Fig. 6.3.5-7. So, the 6 would also be 
around 0.25. Fi^.re 6.3.5-8 shows the scaling of q 0 value by Eq. (6.3.5-9) 
with the first wall thickness as a function of 8. 

The value of qg In the toroidal channel should be less sensitive to the 
first wall thickness as compared to the value of qQ in the first wall. It was 
not changed when the thickness was increased from 0.5 cm to 1.34 cm. However, 
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Figure 6.3.5-8 Variation of q value of the first wall 
with the first°wall thickness. 
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It will decrease slowly If the thickness Is increased further, because the 
attenuation of neutrons will dominate the variation of q 0 In the lithium layer 
for a very thick first wall case. 

The value of q 0 In the second channel lo controlled nalnly by gamma ray 
flux at the front edge of the second channel because the gamma ray heating 
dominates the heating In the second wall* Since the lithium layer Is less 
effective for gamma ray attenuation, the ganma ray flux at the second wall 
should be about the sane as that at the bottom of the first wall. Consequent
ly, the value of qg In the second wall is roughly expressed as 

1 
qj - kq*e °, (6.3.5-10) 

1 2 where q., q. are the O.Q values In the first and second walls, respectively, 
and k is the normalization constant, XQ is the first wall thickness, and a Is 
the attenuation coefficient a In the first wall In Table 6.3.5-3. 

We can summarize the discussion of this subsection as follows: 

(1) An increase of the first wall thickness from 0.5 cm to 1.34 cm gave 
rise to an increase of ~30!£ in the first wall heating. 

(2) From the scaling of q Q in the first wall, a very thick first wall may 
result in very high q Q value. (See curve of B - 0.25 case in Fig. 6.3,5-8.) 
The thickness should not exceed 2 cm to keep a similar heating rate profile. 

(3) The first wall thickness effect on the heating rate in the toroidal 
channel is very small. So its effect on the tritium production rate there 
will be also small. 

(4) The heating rate in the second channel will depend on the first wall 
thickness in a similar manner as the first wall heating rate when the thick
ness is not large. But, for a very thick first wall, the increment would be 
cancelled because of attentuation in the first wall. 

(5) The damage parameters usually depend strongly on fast neutron flux. 
So an increase in the first wall thickness will result In a decrease of these 
parameters everywhere in the blanket, where the amount of the decrease will be 
controlled by the a value of the first wall In Table 6.3.5-3. 
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6.3.5,5 Effect of Module Thickness on Neutronics Parameters 

Module testing nay be done with a thinner blanket module as compared to 
the full size module. The thinner breeder will cause additional fast neutron 
leakage from the breeder tone to the reflector. This will cause ooze genera
tion of secondary gamma rays, which will change the heating rate throughout 
the system. Moreover, the neutron reflection effect of the reflector may 
change of the heating rate profile In the thinner breeder. 

One-dlnenslonal radiation transport calculations were performed In 
cylindrical geometry to analyze the effect on the depth profile of the nuclear 
heating rate. The geometrical configuration which was utilized In the calcu
lation is shown in Fig. 6.3.5-9, where the module thickness, t, was varied 
from 5 cm to 35 cm In steps of 5 cm. Only the poloidal channel was consi
dered None of the first wall, the toroidal channel nor the second wall was 
considered here to simplify the problem. The nodule was followed by the 50 cm 
shield (plug), so the reflector In the reference blanket was not considered 
either. The albedo boundary condition was Imposed on the outer surface of the 
Bhleld (plug). 

Figure 6.3.5-10 shows results of the calculations. As expected, the 
thinner module gave rise to a higher heating rate in the whole region. But 
the amount of the increase is uniform throughout the module: the profiles are 
shifted to a higher value, and the shape of the profiles is scarcely changed. 
The amount of Increase is higher in the thinner module case. This was also 
expected prior to the analysis. The amount, however, is very small (only 15Z 
in the largest case). 

Since the shield works as a neutron multiplier as well as a neutron 
reflector, the heating rate is enhanced in the region close to the shield. 
More neutrons are injected into the shield in the thinner breeder cases; the 
effect is more pronounced In these cases. However, the range over which the 
profile is affected extends only ~ 5 cm in the distance from the reflector 
boundary. 

The conclusions of this subsection are as follows: 

(1) The shape of the depth profile of the heating rate in the breeoer Is 
not influenced by the breeder thickness, excluding the region close to the 
reflector boundary. 
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Figure 6.3.5-9 Calculat ional model assumed in the 
analysis of the module thickness effect. 



Breeder TNckneu Effect en 
•welter Heettig Prefe* <U/U) 

' -MSem 

_L 
(2MW/m*Wel Lee**) 

._! I L 
0 10 20 30 40 

Depth to the Breeding Zone, cm 

Figure 6.3.5-10 Depch profile of total nuclear heating rate 
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(2) The effect of the breeder thickness on the absolute value of the 
heating rate Is very snail (within ~ 15X). 

(3) The effect of neutron reflection by the shield (plug) on the heating 
rate profile la noticeable only in the range of ~ 5 cm from the boundary. 

These conclusions mean that if the test Is done with a module having a 
breeder zone thicker than 10 cm, and done in the region around the first wall, 
good simulation of the heating rate will be obtained in both the absolute 
value (within 15% error) and the profile. To provide a good simulation 
throughout the entire module, a thicker breeder (more than 25 cm) is required 
to avoid the influence of the plug (see Fig. 6.3.5-10). 

6.3.5.6 Effects Arising from Partial Coverage 

For efficient, cost effective testing, test facilities may be configured 
with multiple test ports. A single test module would be Inserted Into ono of 
these ports, and the nodule would be surrounded by reflectors and a plug If 
necessary. This geometry Is significantly different from the full coverage 
condition of a reactor blanket. 

Two problems arise from this teBt geometry. Profiles of the neutronlcB 
parameters in the direction perpendicular to the radial direction will not be 
uniform because the module width may be comparable to the dimension of the 
neutron source. A second problem Is the possibility of disturbing the radia
tion field around the module with surrounding materials (reflectors). The 
analysis of these problems will be given in this subsection. 

The analysis was performed by the MCNP Monte Carlo code and the DOT4.3 2-
D Sn rode, using multidimensional models which simulate the module test 
condition in the test port. 

The schematic drawing of the assumed module test is shown in Fig. 6.3.5-
11. The test module is inserted In one of the test ports. The space is 
surrounded by reflectors (denoted as "shield" in the figure). The location of 
the module zan be selected flexibly, corresponding to the required module 
site. The test module dimensions assumed here are 50 cm wide by 55 cm thick. 
The material configuration along the depth direction is the same as that In 
Fig. 6.3.5-6. 

Figure 6.3.5-12 shows calculatlonal models of the test geometry. The 
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figures show the models for different test locations of 25 en position [Case 
(1)] and 35 cm position [Case (2)] from the plasma center line. The geome
tries were expressed in the x-y coordinates, with the axes being on the nodule 
center lines. 

Effect of Partial Coverage on Vertical Profiles of Neutronlcs Parameters 

Figure 6.3.5-13 shows calculated results for the vertical profile (in the 
direction perpendicular to the module center line) of the nuclear heating rate 
In the first wall and the tritium production rate in the toroidal channel. 
These were obtained by MCNP in Case (1) (25 cm location) geometry. The 
nuclear heating rate follows a l/r distribution, where r is the distance 
between the plasma center line and where the ilata were obtained, within the 
accuracy of statistical fluctuation In the data. The tritium production rate 
data differ from a l/r distribution in the region close to the reflector. The 
tritium production rate was affected by neutron multiplication and neutron 
reflection from the reflector, which contains iron. 

Similar results are obtained for Case (2) (35 cm location case) as 
compared to Case (1). As Tig. 6.3.5-14 demonstrates. Increasing the distance 
from the plasma to the module moderates the gradient of the profile. For 
instance, the ratio of the heating rate at the module center to that at t^* 

boundary is decreases from 1.42 to 1.20, and for the tritium production rate, 
the ratio varies from 1.21 to 1.09. 

The plasma radius was assumed to be 15 cm for Cases (1) anH (2). In 
order to check the generality of the l/r behavior which was observed in the 
profile of the nuclear heating rate, the radius was varied from 1 en to 25 
cm. The Case (1) geometry was used in the analysis. The results are shown in 
Fig. 6.3.5-15. As was expected, the nuclear heating rate follows a l/r 
distribution In all cases. Moreover, the values are almost the same in 
absolute value except the extreme case of r - 25 cm, where the plasma almost 
touches the module. 

The distribution of the neutron heating rate does not always follow the 
l/r law as shown In Fig. 6.3.5-16. This implies that the origin of the l/r 
distribution Is from gamma ray heating. (In fact, the magnitude of gamma ray 
heating Is twice as large as that of the neutron heating.) However, in a very 
rough approximation, the curveB in Fig. 6.3.5-16 may be approximated by a l/r 
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distribution. 

The DFA rate, which was not analyzed here, Is closely related to Che 
neutron heating, so the profile of the DPA rate will look like Che curves In 
Fig. 6.3.5-16. Figure 6.3.S-17 shows uncolllded 14 MeV neutron fluxes for the 
three source conditions. The He production rste will show similar distribu
tions because the threshold of the He producing reactions In the structural 
material Is generally very high. Again, the distributions In Fig. 6.3.5-17 
are approximated by a 1/r distribution except for a very extreme Bource 
condition (r - 25 cm). 

From the above discussion, the 1/r distribution Is generic among the 
vertical profiles of the total heating rate and the damage parameters (dpa and 
helium production rate) at Che first wall of Che cest module. A similar 1/r 
distribution can be expected in the tokamak and mirror reactors for the 
neutronics parameters discussed above, although the analysis has not been done 
yet for these reference reactors. If this assumption Is correct, the relative 
profile of the parameters will be similar to Fig. 6.3,5-18, where the same 
module width of 50 cm was assumed in the estimation of the curves. In the 
region up to 10 cm from the center, the profile of the test device Is within 
7% deviation from the tokamak curve. The deviation will increase to 30% at 
the module edge. From this figure, we nay conclude that the cest must be done 
only in the center region to avoid the size effect which will be caused by the 
difference in the profile. 

The conclusions of this subsection are as follows: 

(1) Vertical profiles of the total heating rate, and the damage parame
ters {dpa, helium production rate) follow approximately 1/r distributions in 
the test module. 

(2) The tritium production rate In the toroidal channel shows more 
uniform distribution than the first wall parameters due to the neutron multi
plication effect from the reflector. 

(3) If a similar 1/r distribution Is assumed In Che Cokamak and mirror 
reactors, the value of the neutronics parameters in the first wall will 
deviate ~ 30% at maximum with the size effect of Che devices between the 
tokamak reactor and the test device for the 50 cm wide module. 
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Effect of Partial Coverage on Depth Profiles of Keutronics Parameters 

The geometric effects of testing in a single test nodule is analyzed here 
regarding the depth profile of the neutronlcs parameters. Depth profiles 
obtained for the 2-D geometry will be compared with those for the full cover
age geometry. The calculations were performed by the DOT4.3 code and obtained 
results were averaged over the module width to get the data at a certain 
depth. 

Figure 6.3.5-19 shows results for the nucleir heating rate and the 
tritium production rate. Monte Carlo results are tlso plotted in the figure 
to check the consistency between the calculations. From the comparison 
between the DOT4.3 and the MCNP calculations, the consistency of the calcula
tions is confirmed. Comparing the 2-D results with Che results for the full 
coverage geometry, the test geometry gives about 10Z lower values for the 
nuclear heating rate at the flr6t wall. The tritium production in the test 
geometry is slightly larger than that of the full coverage case. Note that 
the tritium production rate was lower at the edge of the module than the 
midpoint in Fig. 6.3.5-13. This means the tritium production is enhanced even 
at the midpoint by the existence of the reflector. However, the increment Is 
very small (~ 10% at maximum). 

The depth profile of the overall tritium production rate in the full 
coverage geometry is reproduced closely in the test geometry (see Fig. 6.3.5-
19). It seems that the drop of the values near the module edge is compensated 
by the Increase due to the neutron multiplication and reflection in the 
reflector. The same thing can be pointed out for the profile of the nuclear 
heating rate. 

The Case (2) geometry (35 cm location) resulted in ~ 40it decrease In the 
heating rate at the first wall and ~ 25% decrease in the poloidal channel as 
compared to the results of the Case (1) geometry (25 cm location). Th« 
tritium production was lees affected by the module location. It was dropped 
by ~ 10% in the whole region. 

The conclusion of the analysis of the depth profile is that the overall 
depth profiles for both the heating rate and the tritium production rate are 
reproduced fairly closely (within 102 deviation) to those in the full coverage 
geometry with the 50 cm thick test module. If the width is decreased, the 
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values will be enhanced, especially near the top of the nodule, so the heating 
rate profile villi becoae closer to the full coverage case, while the increase 
Iti the test modt.ie width will result in the worse profile for the heating 
rate, I.e., the drop of the values around the first wall. The reverse is true 
for the tritium production rate. 

6*3.5.7 Summary of Conclusions 

The conclusions of the neutronlcs section are as follows: 

Device Size Effect 

(1) The device size affects the absolute value of the parameters in the 
first wall by about 20% for the reduction of the size from Tokamak reactor 
(rf= 214 cm) to the test device (rj~ 25 cm). 

(2) The profiles of the parameters become a little steeper as the device 
size is decreased, from the Tokamak reactor to the test device. But Its 
influence is very small (within 10%) when the first 20 cm of the blanket Is 
considered. For the whole blanket region, the maximum deviation in the 
profiles is - 30% at the bottom of the breeder zone. 

Module Thickness Effect 

(1) The module thickness effect on the nuclear heating rate is very 
small. Its effect on the absolute value of the parameter is within ~15% for 
the variation of the thickness from 5 cm to 35 cm. 

(2) The profile of the heating rate is not affected by the module 
thickness, except the region close to the reflector. 

(3) The influence of the neutron reflection from the plug extends - 5 ci 
from the reflector boundary. 

First Hall Thickness Effect 

(1) The change In the first wall thickness from 0.5 cm to 1.34 cm 
increases the heating rate in the first wall by ~ 30%, but it does not have 
any influence on the heating rate in the toroidal channel (lithium layer). 
The heating rate in the second wall is increased by ~ 20%. The effect is 
largest in the first wall. 
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6.4 Test Module Design 

6-4.1 Introduction 

One of the ultimate goals of fusion nuclear technology development Is to 
perform Integrated fusion blanket testing In fusion test devlccB. These test 
devices may operate at lower neutron wall loading, lower first wall heat flux, 
and smaller size then the power reactor. In the preceeding sections, the 
effects of scaling these device parameters on act-alike performance have been 
discussed. In this section, an attempt is made to synthesize our understand
ing of scaling effects Into test module designs that can address several 
important i9Sues in an integrated and act-alike manner. 

The approach In this work has been to concentrate on specific designs and 
specific Issues in a manner that will Illuminate generic testing problems and 
their solutions. A preliminary design, which incorporates consideration of 
fluid flow, heat transfer, structural analysis, mechanical design and neu
ronics gives a practical, realistic assessment of the limitations of scaled 
integrated teBting. The worlc has so far been directed toward testing in tan
dem mirroi test devices, and has concentrated primarily on the BCSS lithium 
cooled vanadium reference blanket design described in Appendix D.3. Some 
attention has also been given to testing the MARS lead-lithium cooled ferrltic 
steel design (also described in Appendix 0.3). Thermal-mechanical issues have 
oeen emphasized because of their Importance to the liquid metal designs. The 
following sections describe the preliminary design and performance of a module 
for testing the BCSS reference blanket in a tandem mirror (TH) device. Also 
included is a qualltltlve evaluation of the test module performance In 
addressing the issues identified in Chapter 3. Modules for testing the MARS 
blanket are also briefly considered. 

6.4.2 A Module for Testing the BCSS Lithium/Vanadium Blanket in a Tandem 
Mirror 

Thermal and pressure stresses are the primary causes of possible struc
tural failure in the BCSS toroidal-poloidal flow lithium cooled blanket. To 
preserve thermal stresses, temperature changes throughout structural members 
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must be preserved. If temperature differences can be preserved, absolute tem
peratures can generally also be maintained by controlling the coolant Inlet or 
outlet temperatures. As will be discussed below, It appears that temperature 
matching can be accomplished for a limited portion of the blanket. Matching 
temperatures will improve the value of the test for many issues. Pressure 
stresses can also be made act-alike over a limited portion of the blanket by 
adjusting the inlet pressure, assuming that geometry has been preserved. We 
have performed a preliminary design of a test module, for testing in a small 
tandem mirror fusion device, that attempts to reproduce the BCSS blanket 
stresses and temperatures exactly over a limited region of ths composite first 
wall. This "unit cell" approach is felt to be valid for this blanket design 
because the local stresses are due primarily to the local loading. Whole-
blanket forces are generally supported by the external support structure. 
Although this work Is preliminary and is directed toward a specific design, It 
results in a few conclusions which appear to be generic for liquid metal 
cooled tokamak blankets. 

6.4.2.1 Configuration 

The configuration of the lithium cooled test module is shown in 
Fig. 6.4-1. The design approach has been to define a minimum structural unit 
cell and attempt to attain act-alike temperatures, stresses, and velocity 
profiles within the cell. The test device is assumed to resemble the MFTT 
Upgrade machine shown in Fig. 13.3-3, operating at approximately 2 W/m 

neutron wall loading. Lithium Inlet and outlet piping through the shield may 
need to be large In the test device because of high MKD pressure drops In the 
vicinity of high field colls which are needed to create the fusion plaBU. 
Four test modules could surround the plasma circuaferentially. 

The test module first wall is flat to preserve geometry. Curving the 
wall to follow the plasma radius would result in more even neutron fluxes, but 
would also significantly stiffen the structure. Neutronlcs results shown In 
Fig. 6.4-2 and discussed in Section 6.3.5.6 indicate a reasonably flat flux 
profile. Axial neutron losses in the tandem mirror device are also signifi
cant, and are discussed in Section 6.3.5 and Chapter 13. 
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The first wall area 1B based on considerations of the space available and 
on a olniaum structural unit cell. In the axial direction, or the direction 
that would be toroidal in the tokamak, increasing length Is expensive because 
it requires increasing the power injected to the plasma. One span of a single 
poloidal channel Is the absolute minimum structural unit cell- The difficulty 
lies In correctly modeling boundary conditions (this will be discussed futther 
below). The module width (see Fig. 6.4-1) is limited here by the requirement 
of fitting four modules as closely as possible to the plasma. The structural 
unit cell In this direction is one toroidal channel. Shear and bending boun
dary conditions can be neglected in all but a few of the outermost channels 
because of structural damping. The test module first wall area has been 
determined somewhat qualitatively, but we believe it is reasonably close to a 
minimum structural unit cell. Pirst wall area Is very dependent on the parti
cular blanket design being tested. 

Maintaining tokamak first wall heat fluxes can reduce the required size 
of the test module and may improve the value of the test for reasons discussed 
below. It may be feasible to artificially heat the first wall in the TM test 
device with tungsten heating elements. Thin tungsten wires will have little 
impact on neutronics and can easily supply over 50 W/cnj to the first wall by 
radiation. It may be difficult to achieve 100 W/cm or more by this weans 
because of the required temperature of the heating elements (see Table 6.4-1). 
The elements will probably have to be replaced after a few months of operating 
time due to evaporation. Resistive heating of the first wall is discussed 
further in Chapter 13. 

Lithium flows through the three large "poloidal" channels in the same 
direction. The two end channels provide the Inlet and outlet to the first 
wall "toroidal" channels, while the middle channel is a dummy, providing only 
cooling to the second wall and some neutron reflection. Velocity profiles in 
the three large channels may not become the fully developed Hartmann flow 
expected in the blanket poloidal channels; because of the short path length. 
The test module depth could be reduced to increase flow development In this 
region. Velocities will be scaled to attempt to achieve act-alike flow In the 
first wall channels, not the large "poloidal" channels which are felt to have 
a lesser impact on the thermal and structural response of the first wall. 
Flow in the first wall channels will be discussed below. As indicated in 
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Fig. 6.4-1, It nay be desirable to configure the teat nodule Inlet and outlet 
so that turn angles are minimized and velocity changes do not occur at the 
test nodule edge. 

Table 6.4-1. Preliminary Tungsten Filament Results 

Number of wires - 90 Filament resistivity - 8.4 •10~ 7D • m 
Fllaaent length - 1 x 360 x module length Filament emlsslvlty - 0.323 
Filament temp. - 2487°C K (75Z of m.p.) 

Average Surface 
Filament Mesh Net Mesh Heat Filament Filament Filament 
Radius Transmission Absorption Thickness FI113 Power Voltage Current 
(mm) Fraction Efficiency (nm) (W/cnT) (Ktf) (Volts) (Amps) 

(Unoxldlzed steel vail emlsslvlty » 0.25) 

0.25 0.886 0.846 0.05 32.3 5.69 311 18.1 
0.50 0.772 0.725 0.18 55.4 9.70 204 47.5 
1.0 0.544 0.536 0.72 <82* 14.3 124 115 
2.0 0.064 0.287 2.90 ~60** 15.3 64 239 

(Strongly oxidized steel wall emlsslvlty =• 0.95] 

0.25 0.886 0.941 0.05 35.9 6.28 328 19.2 
1.0 0.544 0.766 0.72 117 20.5 1.46 138 
2.0 0.084 0.534 2.90 ~140** 28.4 87 325 

•Neglecting increased emlsslvlty due to expanded wire surface (shadowing). 
**Including Increased wire emissivity. 

6.4.2.2 Elastic Stress Matching 

Calculated elastic stress values, primarily due to thermal stress, are 
above the yield stress in the BCSS lithium cooled vanadium blanket under con
sideration. This may be generic to tokamaks If both first wall heat flu»es 
and erosion rates are high. The secondary thermal stresses will be reduced 
when the material yields and, therefore, will never reach the values obtained 
using elastic analysis. However, since the local geometry (e.g., thickness-
to-length ratios) of the power reactor blanket Is preserved In the test 
module, If the calculated elastic stresses are matched, then the Initial 
plastic stresses and strains should also be matched to a good approximation. 
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Irradiation and thermal creep, and swelling, also play an important role in 
stress relaxation, stress buildup, and deformation, and will be discussed in 
the next section. 

The major assunption in this analysis is that the composite first wall 
can be modeled as an assembly of I-beams, as indicated in Fig. 6.2.4-1. The 
model and method of analysis Is discussed in detail in Section 6.2.4. The 
model uses a one dimensional temperature profile, as will be discussed below. 
The major conclusion is that initial elastic stresses can be made act-alike in 
the test module first wall region over a wide range of wall loadings and first 
wall heat fluxes as long as all aspect ratios, pressures, and temperatures are 
preserved. For example, if the first wall thickness must be increased to pre
serve temperatures and thermal stresses then all other dimensions (e.g., first 
wall channel width and depth, second wall thickness, etc.) must be Increased 
in direct proportion. Because the span of the first wall across the poloidal 
channels defines the test module length, the size of the test module must be 
increased if stresses are to be preserved at lowered first wall heat fluxes. 
Preserving aspect ratios also aids in preserving temperatures at reduced wall 
loadings and first wall heat fluxes, as will be discussed in Section 6.4.2.5. 
However, neutron mean free paths do not scale and, therefore, damage gradients 
are altered if the blanket thicknesses are changed in the test module. This, 
together with the linear increase in test module size with decreasing first 
wall heat flux, indicates that it is desirable to preserve first wall heat 
fluxes by artificial means. 

6.4.2.3 Irradiation Creep^ and Plastic Behavior 

Irradiation creep has been included in the elastic stress model as des
cribed in Section 6.2.4. Figs. 6.2.4-5 and -6 show sureas relaxation and 
deflection of the composite first wall due to irradiation creep. Although the 
model used has some important limitations, three significant conclusions can 
be drawn: 1) relaxation of thermal stresses due to irradiation creep occurs 
over a period of a few months, 2) the displacement rate due to irradiation 
creep under primary (pressure) stresses appears to be constant and, 3) scaling 
while preserving aspect ratios may be feasible. Ho irradiation creep data for 
V-15Cr-5TI was available at the time of this writing, so HT-9 creep properties 
were used. The vanadium alloy may have a different steady state creep rate 
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and relaxation tines nay change somewhat, but we expect the above conclusions 
to hold. 

A stress r<-".axation period of a few months can have significant Impact on 
the requirements (and cost) of a fusion test device due to ratcheting. The 
BCSS litMum cooled tokamak blanket operates in the plastic stress regime. 
This is primarily due to the combination of high first wall heat flux and ero
sion rates. Erosion requires thickening the wall with sacrificial material, 
and the thick wall with a high heat flux creates very high thermal stresses. 
The stresses will never reach the initial levels shown in Fig. 6.2.4-5 because 
plastic deformation will reduce the thermal stresses. If the reactor were 
shut off after irradiation creep relaxed most of the thermal stresses (after a 
few months of operation), the thermal stresses would reverse and might again 
enter the plastic regime. The stress distribution at shutdown would be depen
dent on how long the reactor had been operating and. If plastic deformation 
occurred, the stress distribution after the reactor was re-started would al-o 
depend on how long the reactor hed been on. Thus, a unique stress distribu
tion would exist for each start-up/shut-down history. 

Thermal creep has also been neglected and is expected to significantly 
affect the stress distribution by preferentially relaxing stresses where the 
temperatures are highest. This complicates the situation further, but does 
not alleviate the fact that long periods (months) of continuous operation may 
be required of a fusion test device If stresses are to be matched. Note that 
if stresses do not enter the plastic regime when the test device Is shut down, 
the ratcheting behavior described above would not occur and stress matching 
could be done in a short duty cycle test device. 

Irradiation creep displacements could limit lifetime in some designs. 
Extrapolating the displacement results shown in Fig. 6.'».2-6 results in a dis
placement of roughly 5 mm at the center of the I-beam at 150 dpa for the 
reference blanket. This could have a significant effect on first wall cooling 
in :he magnetic field because of MHD streaming flow. The liquid lithium would 
have to cross magnetic field lines to travel the 10 mm out to the first wall 
and back, which could result in flow stagnation and overheating In this 
region. The magnitude and Impact of displacements is a very design dependent 
phenomena. 
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The model was applied to the analysis of different size I-beams, with all 
aspect ratios preserved (all dimensions were scaled In direct proportion). 
Initial stresses and creep relaxation did not change, and displacements scaled 
in direct proportion as expected. This is also expected to occur if thermal 
creep and plastic deformation due to the high thermal stresses are Included. 
The major remaining uncertainty in thermal-mechanical act-alike testing with 
aspect ratio scaling is crack growth and subsequent failure. Cracks are 
expected to grow longer in a thicker member with a lower stress gradient and, 
thus, crack growth scales in the right direction; the dimensions of the crack 
get larger t-.nd Bmaller with the dlmenslone of the member. However, failure 
modes and times to failure due to cracks ray not be act-alike. If possible, 
the original size as veil as the geometry o-' the power blanket should be pre
served in the test to remove this uncertainty. This Is also another reason 
for preserving first wall heat fluxes. 

6.4.2.4 One Dimensional Temperature Profile Model 

The structual analysis discussed above and in Sections 6.2.4 and 6.3.4 
employs a one dimensional temperature profile, as shown in Fig. 6.4-3. The 
justification for and limitations of this approximation are discussed here. 
The bulk coolant temperature rise in the BCSS power reactor blanket Is appro
ximately 30°C/m in the toroidal first wall channels and 20°C/m in the pololdal 
channels behind the composite first wall. These temperature changes will lead 
to significant thermal stresses, probably concentrated near the major blanket 
supports. The test module design under consideration consists of a unit cell 
that excludes the major blanket supports (It could be designed to include only 
one support because of its size), thus, information about these support stres
ses has been lost. 

The I-beam section of the first wall (see Section 6.2.4) experiences a 
12°C temperature change along its length and 0.1°C change across its width due 
to the bulk 30°e/m and 20°C/m coolant temperature gradients, respectively. 
These temperature changes are ignored in the one dimensional model. An analy
sis of the web connecting the first and second walls indicates that the diver
gence from the one dimensional approximation is less than 10°C. In compari
son, the temperature difference across the composite first wall is roughly 
200'C. ThJs temperature gradient has the largest effect on the thermal 
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stresses; thus, the one dimensional model has Included the most Important 
temperature differences In the local region of the blanket under considera
tion. 

The temperature profiles assumed for the structural analysis are para
bolic In the first and second walls and linear In the web joining the two 
walls. (See Fig. 6.4-3.) Parabolic profiles are Imprecise because the heat 
deposition is not constant, but comparison with exponential profiles indicates 
that the error Is less than 1 percent. The linear profile in the web was 
taken for convenience In the absence of understanding of the MHD velocity and 
temperature profiles. Since the heat flux from the web to the coolant is low 
(less than 1 W/cm away from the ficet wall) the web Interface temperature Is 
expected to closely follow the coolant temperature. Heat generation within 
the thin (3 mm) web will cause less than a 2°C temperature rise, at 30 W/cm . 
Possible coolant temperature profiles in the toroidal channels are discussed 
in Section 6.3.2. Using the actual temperature profile In the web (if it were 
known) would alt».r the stress profile, but we do not believe It would signifi
cantly change the maximum stress unless the temperature difference across the 
web, as well as the temperature profile, were to change. 

6.4.2.5 Temperature Hatching 

Temperatures In the BCSS toroldal/polo?dal flow blanket structure are 
determined by heat generation In the structure, heat deposition on the first 
wall, and heat transfer to the coolant. Interactions with the coolant can be 
represented by the coolant bulk temperature and the heat transfer coeffi
cient. It has been shown In Section 6.2.3 that the heat transfer coefficient 
Is dependent on the first wall heat flux, the heat generation in the coolant 
and structure, and the fluid velocity profile. Thus, the structural tempera
tures depend on these operating parameters as well. Unfortunately, the MHD-
dominated velocity profiles are not well understood at this time, contributing 
to large uncertainties in the actual behavior of temperatures and stresses. 

In this section we will examine the effect on the structural temperatures 
of simultaneously varying first wall heat flux, heat generation, and channel 
size (preserving aspect ratios as discussed above) in the test module. The 
analysis Is as previously described In Section 6.2.3, using parabolic and flat 
(n = 2 and n = 7) velocity profiles. It Is assumed that velocity and 
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tenperature profile development can both be made act-alike. If the velocity 
profiles are assumed to be fully developed, then temperature profiles can be 
made act-alike by preserving the Fourier number, which generally requires 
slowing the flow rate In the test nodule. Preserving velocity profiles In 
shortened channels also requires slowing the flow, but magnetic field effects 
and end effects are not currently well enough understood to even assess the 
feasibility of the BCSS design, making analysis of act-alike testing impos
sible. Some control may be possible by slightly adjusting the orientation of 
the first wall channels to the magnetic field. Conclusions drawn in this 
section must be taken with caution since they are based on the tenuous assump
tion that velocity profiles can be made fairly close to act-alike in the test 
module. 

Aspect Ratios 

Channel size (first wall thickness, channel depth, and second wall thick
ness) is varied with first wall flux and heat generation such that the tem
perature rise through the first wall Is kept constant and aspect ratios are 
preserved. For example, if the first vail heat flux Is lowered, the first 
wall should be thickened until the temperature rise through it (due to heat 
flux plus heat generation) is equal to the temperature rise In the BCSS refer
ence design. The other channel dimensions are increased In direct proportion 
to the first wall. Note that if the test module is a minimum structural unit 
cell, its size must also Increase in direct proportion to the first wall 
thickness. The Nusselt numbers and temperatures are then calculated as in 
Section 6.2.3, and the temperatures through the first and second walls are 
also included. 

Since the first wall heat flux results in a linear temperature profile 
and heat deposition results in a parabolic profile, the scaled temperature 
profile is, in general, different from the reference case. Fig. 6.4-4 com
pares profiles for some test module operating conditions with the BCSS refer- • 
ence design. The error is not large unless the first wall heat flux is 
dropped to very low values. As discussed in Section 6.3.4, profile differ
ences in this region do not appear to greatly Impact thermal stresses as long 
as the temperature difference is unchanged and the profile changes are not 
large. 
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Second Hall Adiabatic Boundary 

The Nusselt numbers calculated in Section 6.2.3 depend on the heat flux 
fron the second wall into the coolant channel, as well as the flux from the 
first wall and the heat deposited within the lithium. The possible range of 
variation of this second wall heat flux in the BCSS reference design is dis
cussed here. 

Heat deposited within the second wall results In a parabolic temperature 
distribution within the wall as shown In Fig. 6.4-5. (The actual temperature 
profile distribution is more complicated, but a simple analysis using an 
exponential heat despositlon profile through the wall has shown that the error 
is less than 1 percent.) Superimposed on the parabola is a linear temperature 
profile due to the temperature difference between the front and back of the 
wall (T, and T^ in Figs. 6.4-3 and 6.4-5). If the maxiiaum of the parabola 
occurs within the wall, it forms an adiabatic boundary since heat must always 
flow down the temperature gradient. If the difference between T, and T* is 
not too large an adiabatic boundary will occur within the second wall, as 
appears to be the case throughout the reference design. This is advantageous 
as it prevents heat from flowing from the toroidal to the pololdal channels. 

The first-cut analysis described below confirms that the adiabatic bound
ary will always occur within the wall, and sets limits of between 3.5e4 W/m2 

2 and 1.7e5 W/m for the heat flux from the second wall into the coolant ID the 
reference design. Further refinement is possible, bu. we would not expect 
these numbers to change significantly. 

In the test module it will be possible to adjust the location of the 
adiabatic boundary as desired by controlling the temperature in the central 
"pololdal" channel. Flow into this channel does not enter the first wall 
channels and, thus, can be controlled separately. Since the second wall 
thickness is determined from requirements on the first wall, It is unlikely 
that the temperature profile in the test module second wall will match that of 
the reference blanket at various wall loadings and first wall heat fluxes. 
However, a good approximation is Jikely through controlling the central 
pololdal channel temperature. This approach is based on the idea that the 

6-244 



first wall Is most Important and should be emphasized, and results In the loss 
of more Information as one gets further from the first vail. 

Adlabatlc Boundary Analysis 

The location of the adiabatic boundary can be found If T 3, T,, and the 
heat generation rate at2 known by setting the derivative of the temperature 
profile (parabolic plus linear) to zero. The heat generation rate used for 
the reference design was 17 w/em fr:m neutronics calculations. Maximum and 
minimum limits of T3-T, were found as follows. 

Near the blanket module inlet the bulk lithium temperature in the 
poloidal channel is near the 350°C blanket inlet temperature. In the toroidal 
channels the coolant temperature rise is 87°C in passing the length of the 
channel. Thus, the maximum bulk fluid temperature difference between the 
toroidal and poloidal channels (T, and T») is 87QC. This can occur across the 
second wall at the point where the poloidal channel enters the blanket and is 
crossed by the first toroidal channel as It is about to exit. Because we are 
considering the maximum difference between T- and T,, we can expect a large 
fraction of the heat deposited in the second wall to flow into the poloidal 
channel and, thus, expect a film drop temperature between the bulk coolant 
temperature and T^. A 10°C film drop temperature would require a Nusselt 
number of 44, which may he feasible in this entrance region to the poloidal 
channel. Taking T^ to be 360°C and the bulk temperature in the toroidal 
channel to be 437°C, and proceeding iteratively (using the relationships 
described in Section 6.2.3) to find T3, results in a T3 of <U5°C and an adia-
bat-c boundary 14 percent of the second wall thickness behind the front of the 
second wall (see Fig. 6.4-5). The IO°C film drop temperature used to deter
mine T^ ie questionable, but it is unlikely that the adiabatic boundary occurs 
at less than 10 percent of the thickness. 

For finding the maximum distance of the adiabatic boundary behind the 
front of the second wall, we can assume that the bulk temperatures in the 
poloidal and toroidal channels are equal. This may occur near the entrances 
to the toroidal channels, and it is certain that the poloidal temperature can
not exceed the toroidal. Assuming very good heat transfer at the toroidal 
channel inlet, we take a 1°C film drop temperature to find Tj, and then solve 
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lteratively for f̂  and the location of the adiabatlc boundary. This conserva
tive approach results in the boundary occuring 65% of the way through the wall 
(see Fig. 6.4-5). 

6.4.2.6 Evaluation of Test Hodule Performance With Respect to Major Issues 

The test module discussed here emphasizes thermal-mechanical issues. We 
have attempted to design a module that will test as nany issues as possible in 
an Integrated manner. When conflicts arise, stress and thermal-mechanical 
issues are given the highest priority. The next step would be to design 
another module or integrated test that would emphasize the issues on which 
this module performs poorly. As a beginning point, we have considered MHO 
testing in a non-nuclear reactor mock-up to address some of the Issues not 
covered by the test module. If we are optimistic about the performance of the 
test module and the MHD mock-up, they tend to address the issues (as currently 
understood) in a complementary fashion. 

Resolving the issues in integrated tests will mean removing or greatly 
reducing the final uncertainties. Many smaller experiments will have been 
completed prior to these tests. It Is reasonable to expect that these experi
ments will have the effect of removing Issues, adding Issues, or perhaps eli
minating the entire blanket concept. Thus, the issues identified in Chapter 3 
are not the issues that must be addressed by Integrated testing because we are 
not yet to the integrated testing stage. The conclusions drawn in this sec
tion must, therefore, be interpreted with caution. 

Our work indicates that It may be feasible to obtain act-alike stresses 
and temper.»turee over a small region of the blanket, with different teat 

modules and/or different operating conditions to model different parts of the 
blanket. We hive assumed that the test module will perform as indicated, and 
that a reasonable number of modules and operating conditions will be suffi
cient, and nave evaluated the benefit of these tests with regard to the issues 
identified in Chapter 3. This is summarized in Table 6.4-2. Costs, or the 
feasibility of operating continuously ;or several months (which may be 
required) have not been addressed. 

MHD effects cannot be made act-alike in this type of test module. The 
magnetic field strength and geometry in the tandem mirror test device are too 
dissimilar from those in the tokamak reactor, and the global geometry of the 
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Table 6.4-2. Test Module Performance Relative to Ten Liquid Metal 
Blanket Issues Rated Critical and High Prlorty. 

Issue Act-Alike Benchmark^1' 
Little Or No 
Information 

A.2.a Effect of first wall 
heat flux and cycling In 
fatlque and crack growth 
related failure 

A B 

A.2.b Premature failure at welds 
and discontinuities 

A B 

A.2.c Failures due to hot spots A B 
A.2.d Inter, of primary and 

secondary stresses and 
deformation 

A B 

B.l MHD pressure drop and 
pressure stresses 

B A 

B.2 MHD and geometric effects 
on flow distributions 

B A 

D.l.a MHD effects on first wall 
cooling and hot spots 

B A 

D. l.b Response to cooling 
system transients 

B A 

D.2.a Corrosion mass transfer 
rates and consequences 

AB 

F.l.a Uncertainties in doubling 
time margin and predictive 
capabilities 

A B 

_—, ,, 
A = test module, B « non-nuclear MHD mock-up. 

1) Benchmarking can generally be provided by various other tests, sone of 
which may be much cheaper. 
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test module is also too dissimilar from that of the reference blanket. The 
several MHD-related Issues that may require Integrated testing will need a 
different approach. A non-nuclear scale model or mock-up teat has been sug
gested, and deserves further consideration. As yet, no work has been done on 
an MHD mock-up, but it seems feasible to assume that act-alike (or nearly act-
alike) velocity profiles and pressure drops can be achieved in a non-nuclear 
device. Temperatures are not assumed to be act-alike because of the lack of 
bulk heating, but act-alike first wall heat fluxes are included. Cost has not 
yet been considered. 

The three columns in Table 6.4-2 provide a qualitative evaluation of the 
test module performance in resolving the testing issues. The first column Is 
marked if the test is perceived to be act-alike with regard to the issue. For 
example, if we assume that the test module '••zr.t^lr.c the critical welds and 
discontinuities, that stresses and temperatures are act-alike, and note that 
the test is performed in a fusion neutron environment, we can expect act-alike 
response for issue A.2.b. The second column represents information which can 
be used to benchmark or verify codes and theoretical models. The test module 
is not act-alike in MHD flow, but does provide complex liquid metal flow paths 
In a strong magnetic field. Verification of a prediction of the velocity pro
files and pressures In the test module would greatly increase confidence In 
predictions of blanket performance. If one is less optimistic about the test 
module's performance, benchmark Information may be the best attainable data 
for all the issues. 

Table 6.4-2 summarizes test module performance with respect to several 
critical and high priority Issues from Chapter 3. Only blanket issues were 
considered. Three critical issues from Chapter 3 do not appear on the list 
for the following reasons: 

A.I Changes in Properties and Behavior of Materials - This issue was 
considered to be too general to address with test modules. It is Included as 
a major contributor in all the structural issues listed In the table. 

A.2.h.<2) Magnetic Forces Due to Disruptions and Magnetic Transients -
This issue should be addressed separately. It is not feasible to test tokamak 
disruptions and magnetic transients in a tandem mirror device. An approach to 
addressing thin critical issue should be developed. 
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A.3.a Effectiveness of Tritium Permeation Barriers - This Is not an 
Issue within a liquid metal blanket, but is a critical balance of plant 
issue. A loop test is the most appropriate place to test this issue. 

Some high priority Issues have also been eliminated for similar reasons. 

As discussed above, act-alike stress test module and an act-alike non-
nuclear MHD flow mock-up have been, postulated in table 6.4-2. These two tests 
perform complementary functions with respect to the issues addressed. If we 
interpret the results of the test module design work optimistically, it 
appears that we can obtain act-alike stresses, and are limited itk addressing 
the stress issues only by fluence. It appears that the major requirement for 
neutrons in stress testing is materials damage. Mote that materials damage is 
of primary concern in all four of the stress issues (i.e., structural failure 
modes) In the table. 

Under optimistic assumptions, all but two of the major liquid metal 
blanket issues Identified in this study can be resolved with these two testing 
approaches. The corrosion and tritium breeding issues will require additional 
testing methods if benchmarking is inadequate. If ve take a less optimistic 
.approach and assume that stresses cannot be made act-alike or that meaningful 
levels of fluence ate toD expensive, the test module will give useful informa
tion that can be used to benchmark codes and test theories. This la also true 
of the MHD mock-up. Note that the test module provides benchmark information 
for the MHO issues, but the MHD test provides no information for most of the 
stress issues. The test module can provide some information about all the 
issues listed because it embodies all the conditions and relevant components 
found in the power reactor. 

6.4.3 A Module For Testing the MARS Lead-Lithium Cooled Blanks in a Tandem 
Mirror 

A comparatively small amount of effort has been put into design conside
rations of a test module for the MARS blanket. Structural and thermal analy
ses have been performed on a scale model of the MARS design at lowered wall 
loadings. There are several major differences in the testing issues for the 
MARS and BCSS designs. 
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The MARS blanket design (see Fig. 6.1-2) has an obvious minimum unit cell 
for testing, consisting of one tube in which lead-lithium flows from the top 
to the bottom of the reactor. Neutronlcs considerations require that the tube 
be Burrounded by something with a similar neutron albedo, which is most easily 
accomplished by adding more tubes. This results In a scale model test module. 
A meaningful test module consisting of a part of a t':be is difficult to con
ceive for this stage of integrated testing in a fusion reactor. As will be 
discussed below, the MARS acale model has a different set of problems than the 
BCSS unit cell. 

The tandea mirror reactor is expected to have much lower first wall heat 
fluxes than the tokamak (3 - 10 W/cm2 vs 50 - 100 W/cm 2). This results in 
lower requirements on a tandem mirror test device and Increases the Importance 
of bulk heating. Because of the low first wall heat flux and erosion rates in 
the mirror, the Initial MARS blanket structural stresses remain within the 
elastic regime. This greatly simplfies structural analysis and test require
ments. (Plastic effects due to swelling and creep occur and are discussed 
below.) Another significant tokamak/mirror difference is that well defined 
Hartmann velocity profiles are expected in the MARS design. This allows the 
calculation of temperature profiles with confidence since the velocity pro
files are known and the velocity development length Is relatively short. 

6.4.3.1 Structural Analysis Results 

The structural analysis of the MARS blanket is described in Sec
tion 6.2.4.3. The analysis Includes thermal expansion, swelling, and irra
diation and thermal t;reep. The swelling model Includes both temperature and 
flux dependei :e, but does not take into account recent data for HT-9 which 
indicates that swelling may be negligible. Fig. 6.4-6 shows stresses for the 
MARS design and a scaled test module as a function of dose. The stress dif
ferences after startup are due to the flatter neutron flux across the small 
test module. This results in lower differential swelling from the front to 
the back of the smaller tube. 

This analysis indicates that, if swelling Is present, stresses may In
crease throughout the life of the blanket and that the blanket thickness must 
be preserved to preserve stresses. It may be possible to scale swelling 
gradients by tailoring the neutron spectrum, but this approach has not been 
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explored. As fir the BOSS design, If stresses are to be preservedln the MARS 
test nodule, tiie ratio of the tube length-to-thickness oust also be pre
served. The only way to maintain both thickness and aspect ratio in the test 
module la to make It full size. This results in a significant drop In wall 
loading, from 2 to 0.83 MW/m , because of 1/R erfects. The large test module 
will match stresses well but will accumulate damage at a lower rate and may, 
therefore, be Impractical. 

The fact that stresses may increase throughout the life of a fusion 
blanket has significant Implications for both fusion and fusion testing. This 
Is primarily a materials issue, depending on the relative values of the 
swelling and irradiation creep rates. The creep and swelling equations used 
In this analysis are somewhat speculative, but these results help to illu
strate the Importance of good creep and swelling data. 

6.4.3.2 Temperature Profile Matching In the MARS Design 

as mentioned above, the MARS unit cell for testing consists of one tube 
in which lead-lithium flows from the top to the bottom of the reactor. Tem
perature profiles In both the axial direction (along the tube) and the radial 
direction are important In order to match stresses and corrosion rates. (In 
the BCSS design, axial temperature gradients were deemed less important then 
radial temperature gradients.) Matching axial temperatures requires matching 
inlet and outlet temperatures to those in the power reactor, which can only be 
done by lowering che coolant velocity If the wall loading is lowered. Match
ing temperature development in the radial direction requires matching Fourier 
numbers, which will generally require a higher velocity than that required by 
matching axial temperatures In a scale model at lowered wall loading. It is, 
therefore, not possible to simultaneously match the axial temperatures and the 
Fourier number. Slower flow in the test device, to preserve axial tempera
tures, results in more fully developed temperature profiles in the tube. A 
simple analysis has been performed to determine the effects on radial tempera
ture profiles et lowered wall loading when bulk temperatures and temperatures 
at the front and back of the tube are matched. 
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The following equation from reference 6.4-1 was used to evaluate the 
temperature profiles. 

8[(x/R),Fo] - Po c I j M l - exp [-bHFo + £ (1 - < - l ) n ex P {-b]) 
' V / n-1 

^ f C n i 0 » y c o s <"*> f t 1 - e x p ( " < m t ) 2 F o ) ] i + * H (n*)2[b2 

where: 
CD 

4>[(x/R>,Fo] - Kl |Fo - | [1 - 3(x 2/R 2) - £ (-1)" 2/(nn)Z 

L n-l 
cos nn{x/R) exp (- (n*)2Fo\l 

6 = dlmenslonless temperature, T/T„ 
T = temperature 
T = reference temperature (e.g., average temperature) 
x = distance from the back wall 
R = distance from the front to the back wall 

Po c = dlmenslonless power density at the back wall, QR 2/KT a 

Q = volumetric power density 
K = thermal conductivity 
b = dlmenslonless spatial power density exponent 

Fo = Fourier modulus, Kt/pCpR 
T = time 
p = mass density 

C • heat capacity 
Kl - dlmenslonless surface heat flux, qR/KT 
q = surface heat fltix at x • R. 

A slug velocity profile between parallel plates with an exponential heat 
deposition rate and a heat flux behind the flrBt wall Is assumed. Properties 
are constant. The heat flux value used is 10 W/cnr; 4 W/cnr from the heat 
flux on the first wall and 6 W/cn>£ from the heat deposited in the tube wall. 
The haat deposition rates are based on ONEDANT neutronlcs calculations for a 
design similar to MARS. Results .ire shown in Fig. 6.4-7 an Table 6.4-3. 
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Temperature profiles In both a small and large module were considered. 
Both modules occupy one meter axially in the test device, are reflected with 
water cooled stainless steel at both ends, and resemble a one oeter piece of 
the MARS blanket. The test device wall loading is assumed to be 2 MW/m2 at a 
radius of 25 cm. It Is alao assumed that the first wall heat flux can be con
trolled in the test device. The small module has a 25 cm first wall radius to 
maximize the wall loading, and is a scale model of the MARS blanket. The 
large module is simply a segment of the MARS blanket operating at 0.83 MB/o2, 
and was explored because of the Importance of damage gradients in the tube as 
discussed in the previous section. 

Table 6.4-3. Matching MARS Temperature Profiles 

MARS Large Module Small Module 

First wall radius (m) 60 60.0 25.0 
Tube diameter (cm) 9 9.0 4.16 
Heat deposition at back of 
tube (W/cm3) 

23 3.8 9.02 

First wall heat flux (W/cm2) 10 4.0 10.7 
Coolant velocity (cm/s) 17 1.9 2.8 

Temperature gradients in the test module are more dominated by conduction 
from the first wall than those In MARS. The maximum difference in tem^arature 
Is on the order of 20 percent of the front-to-back temperature change. Actual 
temperatures will be more complex because of the slab geometry in the model. 
It appears that a fairly significant error In temperature cannot be avoided 
when operating at reduced wall loading. Note that to keep the error this low 
requires control of the first wall heat flux, probably by resistive heating. 

Another useful test of the MARS blanket would be to attempt to match 
velocities and velocity profiles, and thus verify MHD effects, at the expense 
of not matching temperatures. Such a test could be performed without altering 
the test module by operating at the proper velocities. This approach has not 
yet been explored. 
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6.4.4 Summary and Conclusions 

Two different approaches to integrated test module design have been pro
posed for testing the two reference blankets In a tandem mirror device. For 
the BCSS design, a minimum unit cell appears likely to yield the most Informa
tion at near act-alike values. For the MARS design, a scale model approach 
appears to be necessary. Act-alike structural behavior and failure modes may 
be attainable In the unit cell test module. However, under realistic operat
ing conditions In an affordable test device it may be difficult to obtain the 
10 to 12 dpa damage required to relax thermal stresses, and thus adequately 
test ratcheting and stress dependent failure modes. It is likely that bench
marking information, rather than proof of component information, will be 
obtainable. 

The unit cell approach ignoreB global effects to concentrate on local 
effects, which appear to be more severe in the BCSS design. Global streus 
will change the local stresses, but this has been assumed to be a second order 
effect. A more detailed study should assess global effects In the BCSS 
design. 

The scale model approach has limitations primarily because it attempts to 
assess both local and global effects at the same time. This leads to informa
tion loss when requirements conflict. For example, to put the first wall .10 
close as possible to the plasma, and thereby obtain the highest possible wall 
loading, the module dimensions must all be reduced In direct proportion to the 
first wall radius. When the blanket thickness Is reduced, damage gradient 
effects are reduced and information is lost. 

The unit cell test module appears to perform well in addressing the major 
issues as currently understood. A non-nuclear MHD test can address most of 
the velocity profile, flow distribution, and pressure drop issues which may 
not be resolved In the test nodule. We were unable to identify alternate 
fusion teat modules for either the MARS or the BCSS design that would perform 
complimentary roles with respect to the Issues. Most of the Issues not thor
oughly addressed in the structural tests are MHD related, and fusion test 
module performance is limited by the geometry and strength of the magnetic 
field in the test device. 
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Useful blanket tests with act-alike behavior parameters can be performed 
In a tandem mirror test dev ce at reduced wall loadings. A device capable of 
achieving over 10 dpa In several test modules would be valuable for testing 
structural failure modes. (At least 10 dpa is required to relax out thermal 
stresses, and >hus study stress reversal and ratcheting.) The ability to con
trol first wall heat flux In the test device would be extremely useful and 
will be necessary to match temperatures In some cases. For testing high heat 
flux tokamak blankets, fluxes equal to those In the power reactor (SO -
100 W/cm ) will greatly Increase the value of the test, and can reduce the 
required size. For testing TM blankets, the ability to adjust the h°at flux 
(in the range of about 5 to 20 W/cm2) to control the coolant temperature rise, 
and temperature profile, would allow the temperatures to approach act-alike 
values. Methods of controlling the first wall heat fluxes in test devices 
should receive further attention. 

The test nodule design exercise yields useful general and design specific 
information. Tieing the scaling studies to a specific design concept tends to 
reveal interactions that would not otherwise be apparent. The BCSS and MARS 
blankets proved to offer very different insights into test requirements due to 
the different geometries and testing issues. Extending the efforts of test 
module design to other blanket concepts and test devices may further increase 
our understanding of blanket testing. 

Referecence for Section 6.4 

1. A. V. Luikov, "Analytical Heat Diffusion Theory," Academic Press, 1968. 
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6.3 Engineering Scaling 

6.5.1 Overview 

Engineering Scaling Is the science which explores the most effective ways 
to do Integrated testing at scaled conditions. This Includes (1) Identifi
cation of the effects of varying th«_ device parameters, and (2) development of 
techniques for maintaining the act-alike conditions which allow for adequate 
resolution of the testing issues characterized above. For Interactive pheno
mena, it is not always possible to devise a single test which incorporates all 
of the important behaviors. In designing tests, there are many trade-offs 
which involve the importance of issues and the difficulty of testing. These 
factors make Engineering Scaling at present somewhat of an art rather than on 
exact science. There is an obvious need to continue serious efforts to 
establish the technical foundations for Engineering Scaling because of the 
complex nature of fusion technology development. 

In this section, the elements of Engineering Scaling are presented by 
summarizing and interpreting the results presented in Sections 6.2 through 
6.4. First, the key testing issues for liquid metal blankets are reviewed in 
order •> identify the most important test conditions which should be main
tained in integrated tests. Test requirements and engineering scaling tech
niques are then explored by summarizing the effects of varying the device 
parameters. By combining the test requirements and the test device parameter 
ranges, scaling conflicts are uncovered. Scaling conflicts can arise for one 
of several reasons: (1) when unacceptable restrictions exist on the available 
device parameters, (2) when proper scaling to retain operating conditions 
differs for two or more different issues, or (3) when simultaneously changing 
more than one device parameter makes it Impossible to maintain a particular 
test condition. 

6.5.2 Summary of Testing Issues and Important Test Conditions 

The results of the previous sections of Chapter 6 indicate that varia
tions in the major device parameters result In changes to the operating 
conditions within the blanket unless special care io taken to maintain them. 
The loss of blanket operating conditions may have serious implications on the 
adequacy of testing to resolve the key testing issues. 
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For liquid metal blankets, the most critical integrated testing Issues 
belong to one of three categories: 

1. Thermomechanicsl response to the fusion environment, 
including MHD effects 

2. Materials Compatibility 
3. Failure Modes and Rates 

6.5.2.1 Required Test Conditions for Thermomechanlca Testing 
There are many uncertainties in the thermomechanical behavior of liquid 

metal blankets both because the exact loading conditions are unknown and 
because the response to this loading is complex. One of the largest uncer
tainties In the loading is related to thermal hydraulics and thermal stresses. 
It was shown in Section 6.2.4 that even with optimistic assumptions of the 
Lemperature profiles at the first wall of a tokaaak blanket, the structure 
will probably deform plastically due to the high theraal stresses. Reliable 
operation in this regime is highly uncertain. In addition to simple primary 
and secundary stresses, other complicating features include cycling and the 
influence of radiation effects, such as materials damage, irradiation creep 
and swelling. 

The effecr. of ..ie magnetic field on liquid metal flow has been treated in 
detail in Sections 6.2.1 and 6.2.2. It was shown there that the possibility 
exists that the actual temperatures at the first wall could be hundreds of 
degrees higher than the optimistic estimates, and further, that local hot 
spots are likely to form near geometric complexities where the flow becoscs 
highly nonuniform. These higher temperatures translate directly into the 
possibility of higher thermal stresses • 

Another large uncertainty in loading is due to the MHD pressure drop and 
associated pressure stresses. The pressure stresses alone are predicted to 
approach the suggested design limit for the structural materials being consid
ered. Even if this limit Is not achieved, there is uncertainty in the level 
of creep deformation and the possibility of rupture. It is likely that 
separate effects testing will resolve many or the larger uncertainties with 
respect to the magnitude of the MHD pressure drop. However, the possibility 
remains that many of the complex aspects of magnetohydrodynamics will persist, 
and that reliable engineering data on MHD pressure drop will have to be 
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obtained from neer-integratsd tests* This is partf- ularly true if the margin 
for error In blanket designs continues to be snail. 

Because of the large uncertainties in the actual loading conditions 
experienced by the blanket, care should be exceraized to maintain as much 
similarity as possible in the operating conditions which contribute to the 
loading. The most important conditions include: (1) temperatures, which 
create thermal stresses, (2) velocity profiles, which control the temperature 
profiles, (3) MHD pressure drop, which generates pressure stresses, and (4) 
geometry, which impacts all of the above in addition to magnetic forces and 
transients. 

The other aspect of therraomechanical behavior of the blanket Is the 
response to the applied loading. Some of the concerns include plastic defor
mation, crack growth, and the effects of swelling and creep on stress concen
trations. 

As mentioned above, one of the primary uncertainties occurs if any part 
of the blanket deforms plastically. In this case, in the presence of creep 
relaxation, reversal of the stresses on shutdown may result In more plastic 
deformation. It is unknown what amount of cycling the structure can withstand 
under these conditions. The test requirements for this issue are severe, 
since obtaining plastic deformation requires that the test module be highly 
stressed as in the reactor blanket. 

Crack growth and fracture mechanics constitutes another large uncertainty 
in the blanket response. Crack growth depends on a wide variety of factors, 
including temperatures, cyclic behavior, irradiation, surface conditions, and 
constraints. Temperature gradients and structure thicknesses may also be 
important. Because of the strong dependence on irradiation and the many 
contributing blanket conditions, this issue will be difficult to treat ade
quately at low fluences and reduced device parameters. 

Some irradiation effects occur early in life and therefore may be more 
easily tested. An example is Irradiation creep, which is expected to have a 
beneficial effect by relieving stresses at areas of high stress concentration. 

While many single effects tests can be identified to reBolve specific 
issues regarding the response of structures using simulated loading condi
tions, highly integrated testing will probably be necessary to verify the 
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feasibility and thermonechanical performance of liquid metal blankets. In 
order to maintain a useful Integrated test of the total blanket response, 
geometry and materials must be strictly maintained. Most of the Issues of 
thermomechanical response are very design dependent; In fact, this design 
dependency also makes It difficult to quantify generic test requirements. 

In addition to geometry, a useful verification test should contain the 
correct loading conditions, as specified above. Whereas true component 
verification requires complete modeling of the loading conditions, this 
appears to be Impractical in a scaled test. The different loading conditions 
in a liquid metal blanket vary throughout the blanket In a complex way which 
is difficult to maintain at reduced volume, surface heat flux, and neutron 
wall loading. Nevertheless, it is fesible to model the loading correctly over 
a limited area of the blanket, which results in a limited form of component 
verification and very useful data for verification of predictive capabilities. 

Finally, an Ideal thermomechanics test should include Irradiation ef
fects. Although some of these effects require a high, end-of-life level of 
fluence, some irradiation effectB on thermomechanical response may he observ
able at lose' fluences, e.g., 1-20 dpa. 

6.5.2.2 Required Test Conditions for Materials Compatibility Testing 

Materials compatibility influences blanket operation and safety in 
several ways, Including: 

1. by imposing limitations on the operating temperatures in the 
blanket 

2. by contributing to the mobilization, transport, and redeposition of 
activated materials 

3. by contributing to materials degradation, limits on lifetime, and 
failure modes 

Coiroaion places upper limits on the allowable temperature of the coolant 
and structure. This temperature limit is a boundary on the design window for 
blanket operation which, because of the problems with heat removal, is a 
serious issue in determining the feasibility of liquid metal blankets. 
Present data rules out liquid metals with austenltic steels and provides only 
a narrow design window with ferrltic steelB. 
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Currently, the most serious concern with corrosion temperature limits is 
the problem of redeposition in cold areas of the primary cooling loop, partic
ularly the heat exchanger. A good test will require simulation of tempera
tures throughout the entire primary cooling loop, correct materials, long 
operating times, and probably the inclusion of coolant impurities which are 
likely to exist in the reactor blanket. One of ihe largest contributions to 
uncertainty in corrosion rates, which is likely to remain for integrated 
testing, is geometric effects on MHD velocity profiles and temperatures. Both 
velocity and temperature are critical parameters which affect corrosion 
rates. Therefore, simulation of the thermal hydraulic behavior of the blanket 
is important. 

Corrosion also contributes to activation product mobilization. The 
mobilization, transport, and redeposition of activated materials is a high 
level of concern for safety and maintaiiiance, but is not necessarily a criti
cal factor in determining the feasibility of liquid metal blanket concepts. 
The same operating conditions listed above are also needed for this issue. 

Another concern with materials compatibility 1B its contribution to 
structural materials degradation, failure modes, and lifetime. As a lifetime 
issue, the testing requirements are difficult to meet in a scaled, integrated 
test. The following section contains more discussion of this class of issue. 

6.5.2.3 Required Test Conditions for Failure Modes and Rates 

The principal failure modes in liquid metal blanket structural members 
include: 

Early Failures 
• brittle fracture 
• plastic rupture 

Long-Term Failures 
• crack growth 
• creep rupture 

Crack growth is suspected to be the most sariouB concern for liquid metal 
blankets. The operating conditions which influence crack growth and >ther 
failure modes are very complex, including the detailed loading condition, 
irradiation, precise materials properties and pre-treatment, cycling, tempera
tures, impurities, and surface effects. Cracking is expected to be meet 
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serious at welds, where the Materials properties are altered from the base 
material, or at discontinuities, where stress concentrations occur. 

Because of the large nunber of important operating conditions required to 
adequately address the issue of failure modes, they have not been studied 
extensively for the engineering scaling of partially integrated test modules. 
Additional considerations of failure nodes are given in Appendix E. For some 
early failure mechanisms, "ere may be information gained in thermomechanlcs 
testing. The desire to observe failure modes t- scaled integrated tests 
provides an added reason to always push the test parameters to levels as close 
as possible to reactor device parameters. 

6.5,3 Review of Device Parameter Scaling 

Reductions in the test device parameters away from those of a fusion 
reactor places limitations on the useful information which can be obtained 
from integrated testing, for both interactive experiments (data and verifica
tion of predictive capabilities) and for component verification tests. For 
this study, the ability to perform component verification testing was empha
sized due to Its greater difficulty and more stringent requirements on tes
ting. 

The device parameters which are most relevant for liquid metal blanket 
behavior include surface heat flux, bulk heating, total energy input, magnetic 
field strength, magnetic field geometry, structure geometry, burn/dwell time, 
and size (length, width, and depth). The test requirements for each of these 
is considered In this section. 

Beyond understanding and analysis of the Issues, the analysis performed 
here for Engineering Scaling is in an early stage. Trends can be indicated, 
but precise quantitative conclusions can not be drawn now. An attempt was 
made to identify the most important behaviors in the blanket and carefully 
examine these In detail, rue to limitations on time and effort, some impor
tant phenomena that may lend different requirements to the testing were either 
overlooked or intentionally excluded. Therefore, the conclusions on test 
requirements must be ln:erpreted as a partial list. Known phenomena that have 
been excluded are discussed. 
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6.5*3.1 Surface Heat Flux Scaling and Thermal Stresses 

The surface heat flux is a primary source of energy Input to the tokamak 
blanket. It dominates the temperature profiles In the area near the first 
trail; therefore, It also dominates the thermal stresses In the first wall. Tn 
order to maintain the contribution of thermal stresses to the structure 
loading at reduced surface heat flux, the thickness of the first wall may have 
to be increased in such a way as to keep the temperature drop through the wall 
constant. 

Thickening the first wall has several potential consequences. First, the 
pressure stresses in the first wall will drop. (This is a. design dependent 
effect; in designs without a separate first wall cooling system, the pressure 
gradient would Increase and pressure stresses vould remain constant.) It Is 
possible to control the pressure stress at any point through the use of an 
external pressurizer, but the spatial distribution of pressure stress through
out the blanket (and therefore the ratio between pressure stress, swelling, 
etc.) will be lost outside the local area. This Is problematic for most 
designs, because the different types of stresses vary widely throughout the 
blanket and the location of worst consequences is uncertain. Furthermore, 
loss of the overall stress distribution will affect global structural behav
ior. Although the BCSS reference design is thought to be dominated by local 
responses, other designs may require simulation of the entire distribution of 
stresses. The net result Is that a thickened first wall will allow matching 
stress distributions over a given local region, but global component verifica
tion In a single test suffers greatly. 

The second consequence of reduced surface heat flux is related to tie 
need to maintain constant structural aspect ratios for reasons of act-alike 
structural response and MHD induced eddy current similarity. If the first 
wall Is thickened, then the first wall cooling channel and the second wall 
must be thickened, the channel support spacing must be widened, etc. This 
results in two problem: the number of channels which can be modeled In a 
fixed volume is reduced, Impacting fluid flow and thermal issues, and the 
radiation damage spatial profile is altered. The effects of altered damage 
profiles is highly uncertain because the basic materials properties changes, 
such as swelling, are uncertain. If raa*atlon effects are a large contributor 
to end of life stresses, then incre.slng the channel dimensions will reduce 
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one of tne most important potential benefits of component testing In a neutron 
environment. However, testing In this manner may still be very useful for the 
purposes of sone model verification. 

Finally, the relationship of first wall thickness to failure modes, such 
as crack growth and propagation is uncertain. Also, the stress concentrations 
at welds and discontinuities may be affected. As Ind? ited In the introduc
tion, these are both very Important Issues for blanket testing. 

The net conclusion regarding surface heat flux Is that strong incentives 
exist to keep this vital parameter high. Supplemental resistive heating or 
artificial methods for enhancing plasma heat flux may be important for tes
ting. This is particularly true If a tokaoak blanket is to be tested in a 
mirror device, because of the high first wall heat 'Jluxes expected in toka-
maks . 

6.5.3.2 Bulk Heating Scaling 

Bulk heating is another primary heat source in the fusion blanket. It 
has its largest absolute effect near the first wall, but because the surface 
heat flux dominates behavior at the first wall in tokamaks, the effects of 
bulk heating are generally considered as more Important within the depth of 
the blanket. In tandem mirrors, bulk heating is important throughout the 
blanket. Two important effects of bulk heating have been examined in this 
study, relating u> radial and axial temperature profiles. "Radial" refers to 
the direction perpendicular to the first wall surface; "axial" refers to the 
direction along the coolant channels. 

In Section 6,2.4, the thermal stresses in the BCSS composite first wall 
were shown to depend strongly on the average temperature in the second wall. 
Without bulk heating, it would be difficult co achieve the correct temperature 
In the second wall unless the coolant temperature in the poloidal channels is 
also controlled. The obvious problem with such active control over the 
coolant temperatures is that the actual loading conditions of the blanket are 
achieved artificially. The uncertainties In thermal hydraulic behavior of the 
blanket are sufficiently large that active control reduces th<> value of 
component verification. In addition, not all blanket designs allow such 
active control over the coolant temperature. For example, in the MARS blanket 
design, the need for bulk heating to model structure temperatures is much 
greater. 
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In the liquid metal blanket, the h<sat transfer coefficient depends on the 
temperature profiles. This Is due to the fact that conduction dominates the 
coolant heat transfer In the direction perpendicular to the flov. Therefore, 
because bulk, heating altera the temperature profile In the coolant channels, 
the surface heat transfer coefficient Is also altered. In other words, the 
presence of bulk heating changes the effect of the surface heat flux. The 
more asymmetric the velocity profile, the more pronounced Is this effect. In 
the liquid metal blankets, the heat transfer coefficient varies throughout the 
blanket; hence, the effect of bulk heating contributes to the global tempera
ture profiles. For reasonable assumptions of velocity profile (which is 
highly uncertain), the effect of bulk heating on the temperature profiles is 
still secondary in comparison with the surface heat flux (I0-20Z). Therefore, 
It Is possible to model the temperature profiles for thermomechanlcal testing 
without bulk heating. But testing to verify the global blanket thermal 
hydraulics is limited in the absence of bulk heating, to an extent which 
depends strongly on the MHD velocity profiles (see Section 6.2.2). 

6.5.3.3 Total Energy Input Scaling 

The sum of surface heating and bulk heating dictates the total tempera
ture rise along the coolant channels. For thermal and corrosion behavior, it 
Is desirable tc maintain the coolant residence time similar to the reference 
reactor design by varying the coolant velocity. If this degree of freedom on 
the coolant velocity is removed, then a lower total energy input must result 
In a lower temperature rise along the channel. 

This has two effects. One is that corrosion behavior along the channel 
will be altered. It is believed that the corrosion rate at any point in the 
channel depends on the entire history of the mass transport upstream in 
addition to the local temperature. A different temperature gradient will 
cherfore result In a different axial mass transfer profile. As stated above, 
the total Manket corrosion rate and redeposltlon outside the blanket are leas 
sensitive to the spatial details within the blanket, but iasues of wall 
thinning and localized failure rates require attention to the correct tempera
ture profiles. 

The second effect of a reduced temperature rise relates to the tempera
ture dependence of radiation damage, such as swelling, creep, embrlttlement, 

6-267 



etc. If the axial temperature profile is altered, then the axial damage 
profile will also be altered. This is considered to be a minor loss in the 
reference blanket because radial profiles of temperature and stress are felt 
to dominate the structural response of the blanket. Gradients in the radial 
direction tend to be over an order of magnitude larger than in the axial 
direction. 

Other blanket concepts, such as the MARS design, will be more seriously 
affected by the loss of total energy input. If the fluid flow velocity is 
reduced to account for the reduction of heat input, then the residence time 
will not be maintained, affecting corrosion, heat transfer, and tae HHD 
pressure drop. 

6.5.3.4 Magnetic Field Strength Sealing 

The magnetic field governs both the velocity profiles and the HHD pres
sure drop. Magnetic field effects have been separated into two groups: those 
which depend on the strength of the field and those which depend on the 
geometry. The effect of time dependent changes in the magnetic field repre
sents a third group that will be analyzed in the future. 

One consequence of reducing the magnetic field strength is the reduction 
of the Hartmann boundary layer thickness, which scales proportionately with 
B. The boundary layer is very thin—on the order of microns. Therefore, it 
has little effect on heat transfer bee use the thermal diffusion scale length 
is much larger. However, the mass transfer diffusion scale lengt.i is the same 
order of magnitude za the velocity boundary layer. It Is likely that diffu
sion-dominated corrosion mass transfer will be affected by altering the 
magnetic field strength. Under conditions of the BOSS reference blanket (but 
with PCA rather than vanadium), convective/dlffuslve mass transfer is mass 
diffusion limited, A reduction by a factor of two or more in the field 
increases the effect of the velocity boundary layer thickness. Not only dot* 
the corrosion rate itself drop, but the rate-limiting process changes aa well. 

It Is speculated that the magnetic field nay have other, less well 
understood effects on corrosion by impeding cross-field diffusion of Impuri
ties, in addition, the presence of HHD currents and voltages at the Interface 
could alter the Interface corrosion process Itself. 
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Another more obvious consequence of reducing the Magnetic field strength 
is the reduction " In MHD pressure drop. The bulk HHD force on the fluid 
generally scales as B • Contributions due to wall friction, thermoelectric 
effects, and possibly due to flow perturbations scale differently. However, 
the bulk KHD farce by far dominates the pressure drop its aost designs. The 
average value of pressure cart be maintained through the use of an external 
pressurizer. Therefore, the principal loss of information at reduced field 
strength will be loss of the spatial variation of pressure and pressure 
stresses. 

It Is also Important to note that not all test devices will have reduced 
magnetic field strength. For example, the MFTF a+T design has peak fields 
larger than would be expected in either a tofcauafc or mirror reactor blanket. 

This could prove to be an asset for scaling, since the effects of reduction in 
size and energy input on pressure drop can be somewhat compensated. 

6.5.3.5 Magnetic Field Geometry 

The geometry of the magnetic field, together with the structure geometry, 
dominates the velocity profiles In the coolant channels and to a lesser extent 
the pressure drop. It has been shown that the shape of the velocity profiles 
can have a large Influence on temperature profiles, and therefore on thermal 
stresses, corrosion, temperature-dependent properties, radiation effects, and 
failure modes. Because of their overwhelming Importance to blanket behavior, 
close attention must be paid to any effect which alters velocity profiles. 

One of the geometric effects which is easiest to Identify is the effect 
of the ratio B /B on velocity profile development in the toroidal channels. 
It has been shown that the entry length for velocity profile development 
scales iuugnly as B /B /*. It is difficult to alter the field Itself, al 
though the channel orientation could be changed in such a way as to retain 
similarity In flow devleopment. In shortened nodules, or in a mirror test 
duvj.ce, It may be desirable to reorient the channels to keep the rails of 
entry length to channel length fixed. 

6.5.3.6 Structure Geometry 

In addition to the details enumerated above, the blanket dimensions are 
important because of the existence of large global eddy currents. The shape 

6-269 

http://duvj.ce


and magnitude of these eddy currents depends on the structure' aspect ratios. 
Eddy currents determine interchannel and lntrachannel flow distribution, and 
therefore temperatures, stresses, etc. It is likely that large global eddy 
currents will not exist in reactor designs because their impacts on pressure 
drop, flow distribution, and velocity profiles are so severe that any blanket 
containing large global HHD effects will not be feasible. Nevertheless, even 
if design solutions are found to resolve the worst problems with global eddy 
currents, they are likely to remain a partial contributor to uncertainties In 
blanket behavior. 

6.5.3.7 Burn/Dwell Time 

Time dependent structural effects can be very difficult to analyze for 
blankets in which yielding, creep, and crack growth are occuring. Pulsing 
also may have a large Impact on corrosion, which depends intimately on the 
temperatures throughout the entire heat transport system. If the reference 
device has inherently pulsed operation, then the test model should also 
simulate time dependent phenomena. If the reference device is steady state, 
-.hen a pulsed operation test device must be considered as an option. Testing 
a steady state blanket In a pulsed systea nay have serious implications on the 
value of the tests. 

For heat transfer phenomena within the blanket, it was shown in Section 
6.2.2 that the time constants are fairly short — on the order of 30 seconds 
or less In the BCSS reference blanket. These numbers could Increase in the 
test module if the dimensions of the walls and channels are increased (In
creasing conduction times) or if the coolant velocity is decreased (increasing 
the residence time). The longest, and therefore most important time constant 
is felt to be the coolant residence time in the channels, which can be con
trolled by varying the coolant velocity. It has been shown that residence 
time scaling can be applied and at the same act-alike time thermal and corro
sion behavior retained. 

The complex effects of time dependent structural response and corrosion 
have not yet been studied in detail. The influence of cycling on plastic 
deforntion with irradiation creep appears to be difficult to maintain under 
altered plasma burn scenarios. This is discussed in more detail In Section 
6.4. 
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6.5.3.8 Length and Width 

The most outstanding impact of llaitatlons In the surface area available 
for testing cones froa velocity, teaperature, and corrosion product trans
port. As mentioned earlier, all of thase parameters are In the development 
stage throughout the entire blanket. In this reglae, the magnitude of heat, 
mass, and momentum transport are changing rapidly. Therefore, reducing the 
channel length for any of the channels could eliminate iaportant regions of 
the blanket from the modeling. In cases where the most serious consequences 
occur at channel outlets, Tor example temperature and corrosion, Important 
failure modes may not be properly modeled. 

Another effect of reducing the channel lengths is that the temperature 
rise in the channels will be reduced. As discussed earlier, this is one 
phenomenon which can probably be accomodated by maintaining the fluid resi
dence time. However, when the en-'-'-gy Input to the blanket is reduced, there 
is no obvious way of maintaining temperature rises without affecting other 
phenomena. 

Another effect of reduced length is the decrease of MHD pressure drop. 
The contribution due to straight channel flow is usually the dominant one, so 
reducing the length substantially will increase the apparent effect of flow 
nonuniformities, bends, etc. The contribution of this latter type of pressure 
drop is extremely design dependent. The loss of total pressure drop will 
result In lowered fluid pressure. Although the base pressure can be raised 
externally, the pressure gradient cannot. 

Finally, limits on the available surface area place minimum requirements 
on the surface heat flux for theraomechanics testing. For exanple, if the 
toroidal width of the BCSS teBt aodule is limited to In., then only two full 
size polold&l channels can be included — the minimum for maintaining the 
structural boundary conditions. The surface heat flux In this case could not 
be reduced from its full value because of the required increase in toroidal 
width to maintain aspect ratios when the first wall thickness and radial 
dimensions are increased. 
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Table 6.5-1 Table of Design Guidelines 

Scaled Down 
Device Parameter 

What is Potentially Lost Scaling Techniques Comments on Ultimate Consequences 

1* Surface Heat PIUK a. First Wall Thermal 
Stresses 

b. Spatial Distribution 
of Temperature-
Dependent Radiation 
Damage (Radial 
Temperature and 
Damage Profiles) 

c. Failure Modes and 
Stress Concentrations 

Thicken first wall 
AT - q6 . 

Radiation damage 
doesn't scale* 

Unknown 

Since aspect ratios must be pre
served, a thicker wall results In 
altered radial damage gradient. 

Most important if the amount of 
swelling is high. Only model 
verification is possible* 

Crack growth rate increases with 
wall thickness; amount is unknown 

Pressure Stress 
and Stress Ratios 

Increase B or v Static pressure can be increased 
to model localized stresses only. 

2. Bulk Heating a. Heat Transfer Coef
ficient and Axial 
Temperature Profiles 

b. Radial Temperature 
Profiles (Similar to 
Lb) 

c. First Wall Thermal 
Stresses 

Maintain QoVq and 
velocity profiles. 

Maintain Q6/q and 
velocity profiles. 

Maintain T fT da 
A • 

Secondary concern since effect is 
not dominant. 

Second wall temperature may not 
be easily modeled without good 
control of coolant temperature. 

If second wall temperature is 
not maintained, thermal stresses 
will be lost. 

* 



Table 6.5-1 Table of Design Guidelines (cont.) 

Scaled Down 
Device Parameter 

What Is Potentially Lost Scaling Techniques Comments on Ultimate Consequences 

3. Total Energy Input a. Corrosion Dependence 
(q + Q6)L on Temperature Rise 

Lower velocity or 
increase length 
(preserve AT), 

Can't be scaleu if residence tine 
is fixed. * 

h* Radiation Effects due 
to Axial Temperature 
Gradient 

Lower velocity or 
increase length. 

Not felt to be dominant in BCSS 
reference design; more important 
in MARS type design. 

4, Magnetic Field 
Strength 

Corrosion Boundary 
Layer Thickness 

b. MHD Pressure Drop 
and Stresses 

„ , * a/H 
C o n s t a n t TDLX* 

Increase wall conduct
ivity Vp ~ v B (a /a) 
or velocity 

Lower field results in lower 
corrosion rates* Changes of a 
factor of two may alter regimes 
from diffusion controlled to 
velocity profile controlled. 

Axial pressure gradient effects 
are likely not to be modeled at 
reduced field strength. 

5» Magnetic Field 
Geometry 

a. Fluid Flow Developing B /B /** ~ L/d. 
Profiles C p 

Velocity Profile 
Effect on Heat 
Transfer 

Reorient angle of flow* 

Serious concern; local velocity, 
B-field regime, and geometry must 
be preserved. 

Structure Geometry Eddy Current 
(Consequently velocity 
ProfIlea, Pressure Drop, 
Temperatures) and 
Structural Behavior 

Constant aspect ratios Interactive testing requires 
close attention to geometry. 



'able 6.5-1 Table of Design Guidelines (cont.) 

Scaled Down 
Device Parameter 

What Is Potentially Lost Scaling Techniques Comments on Ultimate Consequences 

7. Burn/Dwell Time a. Temperature Profile 
Development 

Keep burn time much 
longer than residence 
time. 

Temperature profiles develop 
quickly In most LH blankets 
<<30 sec In BOSS). 

b. Creep/Svelling/ Uncertain 
Fatigue/Crack Growth 

8. Length, Width a. Thermal, Velocity, aL/vd and /c"7c" 
Concentration Profile scaling; lowered 
Development velocity. 

b. Temperature Rise for 
Corrosion Profile 
Development 

Scale residence time 
L/v. 

c. MHD Pressure Drop increase v or B model verif ication can probably 
be done In short modules 



Table 6.1 Scaling Conflicts in the Liquid Metal Blankets 

1. Thermal Stress/Radiation Damage Profiles 

2. Reduced Surface Area/Reduced Heat Flux 

for Thermomechanics Testing 

3. Thermal Stress/Transport Phenomena 

4. Thermal Stress/Eddy Currents and Flow Distribution 

5. Temperature Rise/Residence Time 

6. MHD Pressure Drop/Residence Time 
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6.5.4 Summary 

There are a large number of teats which would (and should) be performed 
to re&olve individual Issues, such as pressure drop, heat transfer, thermal 
stresses, etc. These separate effects tests are relatively easy to design 
because of the ability to freely choose the device parameters. But many of 
the most Important phenomena In the liquid metal blanket are interactive in 
nature. 

Design of an Integrated test under scaled down conditions Is difficult 
for several reasons (see Table 6.1). First, scaling conflicts arise between 
different phenomena at reduced device parameters. A scaling which would allow 
addressing one phenomenon may be Incompatible with the scaling for another. 
Integrated tests are possible In which a limited number of multiple Inter
active effects with similar scaling can be act-alike. 

Another conflict arises due to the effects of changing more than one 
device parameter simultaneously. It may occur that for a given issue, the 
appropriate response to scaling for one device parameter Is contradictory to 
the response cor another. A good example fov the liquid metal blankets la the 
simultaneous loss of surface heat flux and surface area In a fusion test 
device. The combination of these two places more stringent limitations on the 
testing because the total energy input Is reduced by both. 

Another problem arising from integrated testing 13 the inherent limita
tions on device parameter flexibility in a large, Integrated test. For 
example, In any neutron producing facility there are restrictions on the total 
volume and surface area available for testing. Some of the Issues — for 
example MHD pressure drop and flow development — will be affected even In the 
absence of scaling conflicts. 

A fourth problem In integrated testing is the potential complexity of 
diagnostics and the difficulty of interpreting results. An Integrated test is 
by definition an attempt to test raany things at once. Diagnostic equipment 
cannot be allowed to interfere significantly with test performance, and mutt 
be kept simple enough to achieve high reliability. In the event of a negative 
result, such as first wall failure, it may be extremely difficult to isolate 
the cause without extensive further testing. For this reason, integrated 
testing is probably of little use until separate effect and partially integra
ted tests are largely completed. 
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Because of its Importance In determining the feasibility of liquid metal 
blankets, much of our effort has concentrated on studying test requirements 
for thermomechanical performance. The stress state at any point in the 
blanket structure is dictated by several factors, including pressure, tempera
ture distribution, swelling rate, thermal and Irradiation creep, and geometry. 
Furthermore, the relative contribution of these factors in the BCSS reference 
blanket varies from point to point all across the blanket. Reductions in the 
test volume, surface heat flux, and bulk heating make It Impractical to retain 
all of the loading conditions throughout the entire blanket. 

Although no good solution appears capable of preserving the correct 
stress state throughout the blanket, an approach has been demonstrated which 
models only a part of the blanket at a time. This "unit cell" approach is 
capable of structural verification of limited parts of the blanket and pro
vides a very good benchmark for model verification. 

The usefulness of this approach is dependent on the resolution of related 
issues in other tests, including a range from separate effects to integrated 
tests. The current uncertainties In thermal hydraulic performance of the 
blanker are very large. Unless the actual blanket temperatures are well 
characterized, then 6tru;.uiral tests with simulated loading will not provide 
adequate component verification of the blanket. For temperature verification, 
bulk heating is important to establish the temperatures deep In the blanket 
and also has a significant effect on the surface heat transfer near the first 
wall. 

Because of our lack of understanding of MUD effects on mass, mojp."tum, 
and heat transfer, a partially Integrated test outside of a neutron environ
ment would have a high benefit to cost ratio. Accurate resolution of the 
uncertainties in velocity profiles and pressure drop in a large, geometrically 
correct, partially Integrated test would allow for much greater confidence In 
the results of the unit cell structural verification discussed above (and In 
Section 6.4). 

Finally, there is an obvious need to obtain information on materials 
behavior under Irradiation and in a liquid metal environment. It is difficult 
even to design a test withoud accurate materials data, much less design a 
practical fusion reactor blanket. 
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The design of a thermal mechanical test was described In Section 6.4. 
Together with a partially integrated MHO test, an integrated thernal hydrau
lics test, and a large amount of basic materials properites, a large number of 
the testing issues from Chapter 2 can he resolved. In general, complete 
component verification in the strict sense cannot be accomplished at scaled 
device parameters. Even with scaled, integrated testing there will always be 
sone remaining risk Involved in the first full-scale fusion reactor built. A 
strong program of modeling, together with integrated model verification 
testing, will eliminate most of the uncertainties. 
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6.6 Summary and Recommendations 

In this chapter, a wide array of Issues have been addressed regarding the 
details of blanket operation and specific problems encountered with scaled 
testing. Much of 'tils work has treated specific, design-dependent behavior, 
and the results are often difficult to extrapolate Into general conclusions. 
Within the context of these limitations, our results suggest the following. 

The Seed for Neutrons 

In the composite first wall structure of the BCSS reference blanket, bulk 
heating Is of secondary importance as compared to the surface heat flux in 
determining the heat transfer characteristics and structural response. The 
thermal stresses can be simulated well by controlling the fluid temperature in 
the coolant channels. Although analysis on other tokamak blankets has not 
been performed, bulk heating may be of secondary Importance In the first 5-10 
cm (closest to the plasma) of liquid metal cooled tokamak blankets In general. 
Neutrons In tokamak liquid metal blankets are, therefore, needed primarily to 
match stresses from radiation creep and swelling, and to produce materials 
damage (properties changes). 

In the MARS design, bulk heating was found to be of primary importance 
for matching temperatures. This is expected due to the low surface heat flux 
in mirrors. 

Preserving the Thermomechanlcal Response in a Test Module 

The most critical Integrated tasting issue for liquid metal blankets 
appears to be thernomechanical performance. A good thsrmomechanics test must 
preserve the loading conditions as well as act-alike response characteris
tics. The response depends primarily on the aspect ratios in the structure. 
It has been shown that both elastic stresses and irradiation creep strains are 
preserved through aspect ratio seeling. 

It has also been shown that If swelling Is present in the blanket struc
ture, then stresses may increase substantially throughout the blanket life
time. For swelling effects, aspect ratio scaling may not be valid because of 
the Importance of damage profiles. The damage gradient depends primarily on 
materials choices and only weakly on geometric factors. In the event that 
swelling exists, the damage gradients will be an important parameter to match. 

6-279 



Preserving the Thermal Stresses 

As stated above, the thermal loading in a tokomak depends primarily on 
the surface heat flux. As the surface heat flux is reduced, the first wall 
thickness nay he increased to maintain the temperature rise, and thus the 
thermal stresses. Bat problem develop due to tradeoffs between reduced 
nodule size, aspect ratio ecallns, damage profiles, crack growth, and other 
failure modes. In order to simulate thermal stresses, there is & high priori
ty on osintalnittg high first wall heat flux. A method of supplementing the 
natural surface heat flux with tungsten resistance heating appears feasible; 
because of the importance of surface heating, this option should be explored 
further, 

Much of the Importance of maintaining high thermal stresses results from 
the sse<:r>ption that tokamaks may operate in the plastic regime. This assump
tion has a significant impact on testing. Blankets which don't operate in the 
plastic stresB regime should be emphasized. More effort should be invested 
into determining whether or not any such toksmak blankets exist. 

Bulk heating, rather than surface heat flux, dominates the thermal 
response in tandem mirror blankets. The analysis and scaling of the MARS 
design indicates that axial and radirl temperature profiles con be preserved 
(to a first order approximation} if the first wall heat flux can be con
trolled. The desired Eirst wall heat flux for testing a tandem mirror blanket 
in a small tandem mirror test device may be lower than the nominal flux in the 
device. The ability to control surface heat flux in a test device will be of 
value for both tandem ralrror and tokamak blanket testing. 

Preserving Corrosion Behavior 

Corrosion is a phenomenon which involves the entire primary cooling 
system. Within the blanket, temperatures and velocities of the coolant are 
critical parameters ~ both their absolute values and their spatial profiles. 
It has been demonstrated thBt the magnetic field can have a substantial effect 
on the corrosion rate due to its impact on the fluid velocity profile near the 
coolant channel walls. The corrosion rate at high field strength can be an 
order of magnitude higher than at low field strength. It has also been shown 
that the spatial profile of corrosion depends on both the residence time in 
the channel and the temperature rise. 
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Some of the most critical uncertainties involving corrosion relate to the 
total anount of structural material mobilized In the blanket and redeposlted 
in the remainder of the primary cooling system. For this type of concern, the 
magnetic field strength, average blanket temperature, and coolant residence 
time are the dominant parameters• But corrosion is also a contributor to the 
degradation of structural material and ultimately to blanket failure modes. 
In this regard, accurate modelling of the spatial profiles becomes more 
important. Magnetic field geometry Is more Important because local velocity 
perturbations may dominate the local failure rates. Temperature rise along 
the channel also becomes a factor, since the streamwise corrosion profile is 
strongly dependent on the temperature profile. 

Test Module Benefits and Limitations 

For the BCSS tokamak reference blanket, it has been demonstrated that 
temperatures, thermal and pressure stresses can be made act-alike over a 
limited region, but it is difficult to model the entire blanket in a single 
test nodule. This stems primarily from the conflicts between thermal hydrau
lics and structural mechanics test requirements. 

This limitation is not felt to be catastrophic for the BCSS design 
because the structural response Is dominated by the local conditions. How
ever, the "unit-cell" approach to testing removes much of the value of testing 
fô - global eddy currents, MHD velocity profiles, pressure drop and global 
temperature profiles. 

In blankets which possess a more dominant global structural response 
(e.g., the MARS blanket), this approach does not work as veil. In that case, 
It nay be more practical to design a scale model nuclear test rather than a 
unit-cell type of test. Scaling techniques for thermal hydraulics have been 
demonstrated for maintaining the thermal response in smaller scale teat 
modules, for example: entry length and residence time scaling. 

Because of the difficulty of maintaining both the global MHD and thermal 
hydraulic behavior in a liquid metal blanket, It is proposed that extensive 
testing be done outside the fusion environment In a non-nuclear MHD act-alike 
experiment. The combination of an act-alike (possibly large), MHD experiment 
together with a small scale nuclear test appears to be nearly Inclusive for 
addressing the testing issues as we now know them. 
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Nomenclature for Chapter 6: 

a channel half-width or radius 
A area 
A_ creep constant 
A. neutron albedo 
b pitch (distance between ribs) 
B Q magnetic field strnegth 
B poloidal magnetic field 
&j, toroidal magnetic field 
c specific heat 
C effective conductivity factor 
C value of C at y»0 o 
C average value of C 
Cx MHD bulk force coefficient, x-direction 
C z MHD bulk force coefficient, s-dlrection 
d toroidal channel depth 
d, dimension of radial Inlet orifice 
D mass diffusion coefficient 
V_ total displacement matrix 
e strain 
E uradulus of elasticity 
_E_ Inelastic strain displacement matrix 
f non-dimensional velocity, U / U K 
F axial force 
F flexibility matrix 
™ 2 
Fo Fourier number, dL/4a v. 
h heat transfer coefficient 
Ha Hartmann number, aB/o /u 
Ha c critical Hartmann number 
1 electric current density 
I area moment of Inertia 
Ij, I 2 velocity Integral expressions 
j mass flux 
J neutron current 
k thermal conductivity 
K surface current density 
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Kg Boltzman constant 
I entry length for velocity profile development 
I. dimension of toroidal Inlet orifice 
Jt length of insulating partition P 
1 concentration (diffusion) scale length /DL/Ub 
JL velocity (Hartmann) scale length a/Ha 
n 

L channel length or toroidal blanket width 
M moment 
n arbitrary Integer parameter _ Ha N Stuart number, or Interaction parameter - — Ke 
Nu Nusselt number, 4ah/k 
p pressure 
P radial force 
Pr Prandtl number, c p/k or v/a 
q wall heat flux 
q surface heat flux 
Q flow quantity 
Q volumetric heat generation rate 
r radial coordinate in channel 
R radius of curvature 
Re Reynolds number, — — 

V 

Re magnetic Reynolds number, u O Lv 
s puioldal arc length (ds - Rd9 ) 
S swelling rate 
Be Schmidt number, v/D 
t time 
ti burn time 
t. dwell time 
t f channel width 
t pseudo-time, x/u b 

t„ wall thickness 
w 
t R residence time 
T temperature 
T b bulk averaged temperature ' j X 
T wall temperature 
u toroidal or axial component of velocity 
UL or UL bulk velocity 6-283 



v pololdal or transverse component of velocity 
V velocity or reaction force 
w radial component of velocity or change in beam curvature 
W blanket width in toroidal direction 
W transformed blanket toroidal width 
x toroidal or axial coordinate 
X concentration 
y pololdal or transverse coordinate 
y transformed pololdal coordinate, y °Ja 

z radial coordinate in blanket 
a thermal dlffusivity, k/pC or coefficient of thermal expansion 
Y non-dimensional surface heat flux, q g a/Zk 
& boundary layer thickness 
&„ first wall thickness fw 
E strain 
e creep strain 
e t eddy diffusivlty for heat transfer n 
e eddy diffusivlty for momentum transfer 

m 2 
C non-dimensional axial coordinate, coc/u.a 
n non-dimensional y coordinate, y/a 
9 poloidal angle 
(5 temperature increment due to bulk heating 
\ non-dimensional volumetric heating, Q a /k 
u permeability of free space 
1J viscosity 
v kinematic viscosity, u/p 
€ radial coordinate 
p mass density 
a stress 
o electrical conductivity 
e 
a, fluid electrical conductivity 
i 
o wall electrical conductivity 
w 
T swelling Incubation tine constant 
<j> electric scalar potential <ji wall conductivity ratio w 
4 neutron flux 
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