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ABSTRACT 

The preconceptual design phase of the Advanced Neutron 
Source (ANS) Project ended with the selection of a reference 
reactor core that will be used to begin conceptual design 
work. The new reference core consists of two involute fuel 
elements, of different diameters, aligned axially with a 
small axial gap between them. The use of different element 
diameters permits a separate flow of coolant to be provided 
fcr each one, thus enhancing the heat removal capability and 
increasing the thermal-hydraulic margins. The improved cool-
ing allows the elements tc be relatively long and thin, so 
self-shielding is reduced and an acceptable core life can be 
achieved with a relatively small loading of highly enriched 
uranium silicide fuel clad in aluminum. 

The new reference design has a fueled volume of 67.4 L, 
each element having a heated length of 474 mm and a radial 
fuel thickness of 66 mm. The end-of-cycle peak thermal flux 
in the large heavy-water reflector tank around the core is 
estimated to be in the range of 0.8 to 1.0 x 1020 nf2-s-1. 

1. INTRODUCTION 

During the preconceptual design phase of the Advanced Neutron 
Source (ANS) Project, a particular approach to the evolution of a core 
design was adopted: the ANS Project Office, with guidance from the 
technical participants in the project, selected a "reference core" 
(Fig. 1). The reference core was examined in depth for ~1 year, with 
all members of the project team (core physics, thermal-hydraulics, 
engineering design, cold source design) basing their work on the same 
reference core. In this way, a fairly detailed understanding of the 
merits, performance, and disadvantages of the core was obtained, based 
on consistent calculations and experiments. After thorough review of 
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Fig. 1. Reference single core. 

the knowledge gained and of proposals for improved designs, a new refer-
ence core was adopted that offered better performance and other bene-
fits. The process was repeated, and the new reference core (Fig. 2) was 
subjected to critical review and extensive analysis. Alternative fea-
tures, with the potential for enhancement of the core performance or 
safety margins, were examined and discussed. Finally, at the end of the 
preconceptual design phase, an intensive period of analysis, review, and 
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Fig. 2. INT-1 core. 

comparison of various core design possibilities resulted in the selec-
tion of a final reference core from this phase of the project. This 
core (Fig. 3) is the one with which the project has begun conceptual 
design. 
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The studies leading to the final preconceptual reference design 
were guided by a committee, known for hiM-orical reasons as the PS-2 
Committee, composed of the ANS Project Managers whose resources would be 
employed in the work. The committee was supported, and most of the cal-
culations were performed, by members of the project technical staff. 

PS-2 Committee ANS staff 

R. M. Harrington 
D. L. Selby 
P. B. Thompson 
C. D. West (Chairman) 

R. G. Alsmiller 
J. A. Johnson (Secretary) 
H. Reutler, Interatom 
J. M. Ryskamp, Idaho National 
Engineering Laboratory 
G. L. Copeland 
U. R. Gambill 
L. M. Jordan 
J. March-Leuba 
B. S. Maxon 
B. H. Montgomery 
L. C. Oakes 
F. J. Peretz 
R. T. Primm, III 
P. B. Thompson 
G. L. Yoder 

This report describes the basis for the selection of the final pre-
conceptual core design. 
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2. PREVIOUS REFERENCE GORES 

The first reference core (Fig. 1) was based heavily on the highly 
successful High Flux Isotope Reactor (HFIR). The design comprised two 
concentric annular elements of involute, aluminum-clad plates of 93% 
enriched uranium silicide (U3Si2) fuel particles dispersed in a powder 
of aluminum. Developed by Argonne National Laboratory and Babcock and 
Wilcox, this silicide fuel form offers a higher thermal conductivity at 
a higher fuel density than the older oxide and aluminide fuels — a major 
advantage for a high-power, compact core. All the ANS reference cores 
are considered to be immersed in a large heavy-water reflector tank. 

The first reference core had a fueled volume of 35 L and a nominal 
power level of 270 MW (7.7 MW/L average power density), although it was 
recognized that the formation of low-conductivity oxide on the heated 
surface of the aluminum cladding significantly limits the core life at 
such a higher power density. A research program to study the formation 
of oxide under ANS-like thermal-hydraulic conditions, but out-of-pile, 
was initiated. Another program was begun, at Idaho National Engineering 
Laboratory (INEL), to analyze existing measurements of oxide thickness 
on the Advanced Test Reactor (ATR) fuel plates. 

One of the alternative core designs that was studied called for a 
55-L core at 270 MW (4.9 MW/L): it was suggested that such a power den-
sity might be accommodated even in the presence of oxide and that the 
loss of neutron flux compared with the reference core would be only 10 
to 202 (see Fig. 4). Another alternative,1 proposed earlier by INEL, 
called for two identical elements composed of arcuate fuel plates, as 
used in the ATR, to be separated axially by a plenum region (Fig. 5). 
It was argued that in the plenum, warm water exiting from the first 
element could be mixed with or displaced by unheated water from a bypass 
flow, thus lowering the inlet temperature to the second element. The 
improved cooling of the second element would permit a higher power 
density to be accepted, even in the presence of oxide: indeed, the pro-
posed split core had an even higher power density (355 MW in 40 L or 
8.9 MW/L) than the original reference design core. However, later cal-
culations2 indicated that there would not be significant mixing or flow 



7 

ORNL-DWG 87-3520B ETD 

RADIUS (mm) 

Fig. 4. Unperturbed thermal fluxes for different core volumes. 

displacement in the plenum region unless some unspecified devices were 
introduced to promote such effects. 

In February 1988, a workshop was organized to compare proposed 
designs for a new reference core.3 The new design selected at the work-
shop (Fig. 2) adopted the best features from various proposals; it con-
sisted of two axially separated elements of involute fuel plates. It 
was recognized that separating the elements would not, alone, provide 
the mixing or displacement of coolant necessary to enhance cooling of 
the second element; indeed, in that respect the HFIR-like concentric 
elements have an advantage because each element receives a separate flow 
of fresh coolant at its inlet. However, this and other disadvantages of 
the reference split-core design were outweighed by the neutronic bene-
fits of the axial split: a larger volume of high thermal flux in the 
reflector, a lower gamma and fast neutron contamination of the thermal 
neutron peak, a higher worth for control elements in the central hole, 
and a lower reactivity of the individual elements. 

The workshop also recognized the potential advantages of a proposal 
to use flow baffles (Fig. 6) to divert coolant from the first element 
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Fig. 5. Original INEL split-core proposal. 

away from the second element, thus preserving the advantage of separate 
coolant streams for the two fuel assemblies. However, such a scheme 
could not be adopted as a reference core because the ANS Project Office 
has, as a design constraint, adopted a policy that achievement of the 
minimum design criteria should not rely on the success of any new or 



9 

ORNL-DWG 89-4630 ETD 

cooling to second element. 

unproven inventions. The flow divertor proposed at that time, involving 
substantial radial flow velocities and potential hydraulic problems 
(e.g., flow separation and flow maldistribution), had to be considered 
unproven. Similar arguments applied to the idea of mixing devices in 
the plenum, so no credit was taken for such mixing in calculating the 
performance of the new reference core. 

Since the Core Comparison Workshop, results from the oxide forma-
tion research program have indicated that the oxide growth rate in out-
of-pile experiments may increase significantly when the heat flux is 
raised.4 In addition, the thermal-hydraulic safety margins (e.g., the 
margins to incipient boiling and critical heat flux) can be greatly 
increased by accepting the rather small decrease in the reflector peak 
thermal neutron flux that accompanies an increase in core volume 
(Fig. 7). Therefore, strong incentives emerged to consider larger cores 
with lower power density, a conclusion reached independently by one of 
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1988's several ANS review committees.5 To some extent the diminution of 
neutron flux resulting from a larger core volume can be offset by 
increasing the power level — if the power increase is proportionately 
smaller than the volume increase, the average power density is 
decreased. It also seems likely that with a greater volume available 
for fuel distribution, an optimally graded large core would yield a 
lower ratio of peak-to-average power density than a small one, thus 
reducing the peak heat flux (which largely determines the thermal-
hydraulic margins). 

In addition, a geometry was identified that provides separate cool-
ing streams to the two elements of an axially split core without requir-
ing radial diversion of the flow (see Fig. 8 and Appendix A), thus 
avoiding the possible flow separation problems of the original divertor 
concept. 

Accordingly, a good deal of effort was devoted to analyzing larger 
cores with the new geometry to understand and optimize the core 
design. A three-element version (Fig. 9) was also extensively analyzed 
to see if there were performance advantages that might warrant the added 
cost and complication. The greater length of the flow diversion path in 
the three-element design reduces the radial acceleration of the coolant, 
thus avoiding the possibility of flow separation. 
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Fig. 8. Modified proposal for providing separate coolant flows to 
each element. 

The results of these analyses, the conclusions drawn from them, and 
the design eventually chosen as the final preconceptual core design are 
described in this report. 
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3. CONSTRAINTS ON CORE PERFORMANCE 

3.1 SAFETY LIMITATIONS 

The Department of Energy (DOE) regulations and policies provide 
both deterministic and probabilistic requirements for the design of 
reactors. DOE Order 5480.6 mandates compliance with the Muclear Regula-
tory Commission (NRC) regulation prescribed in 10 CFR 50, Appendix A, 
"General Design Criteria for Nuclear Power Plants." The General Design 
Criteria (GDC) are a collection of 64 requirements for the design fea-
tures and capabilities of nuclear plant components and systems. The 
most germane of these to the present discussion is GDC 10: "Reactor 
Design. The reactor core and associated coolant, control, and protec-
tion systems shall be designed *'ith appropriate margin to assure that 
specified accep.able fuel design limits are not exceeded during any con-
dition of normal operation, including the effects of anticipated opera-
tional occurrences." It was, of course, impossible to perform the full 
range of analyses implied by CDC 10 for every core design investigated 
for the PS-2 core design selection task. Instead, the maximum safe 
operating thermal power for each core was calculated based on the 
incipient boiling limit (IBL)$ uncertainties were conservatively multi-
plied in the calculations. This conservative combination of uncertain-
ties guarantees a margin of 10 to 152 between 100Z power and the power 
level at which boiling might begin at the hot spot. 

The acceptable fuel design limit is actually well above the IBL 
because a significant amount of boiling can occur in a coolant channel 
before the critical heat flux is exceeded. The reactor protection sys-
tem can, therefore, easily maintain the fuel within acceptable design 
limits during anticipated operational occurrences by causing the control 
rods to be inserted to shut down the reactor before 110 to 115% power is 
exceeded or before a similar variation of the significant primary 
coolant system variables: coolant iniet pressure, temperature, and 
flow. A RELAP5 computer code model of the ANS core and coolant systems 
is being developed to verify the adequacy of fuel cooling for a full 
range of anticipated and design basis operational occurrences. 
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FolLowing I'RC and DOE safety objectives, th3 safety criteria for 
the ANS reactor are stated in probabilistic terms.2 The full assessment 
of the influence of uncertainties in core dimensions and operating con-
ditions therefore requires a proper statistical combination of the vari-
ous effects. The data required for such an analysis will not be avail-
able until conceptual design work is well advanced, and therefore an 
alternative approach (believed to be conservative) was adopted during 
preconceptual design. In this approach, the major known uncertainties 
(in coolant gap, water temperature, inlet pressure, and local fuel load-
ing) are combined in a multiplicative way; that is, all the major uncer-
tainties are assumed to take their worst possible value simultane-
ously. Simple pencil-and-^aper calculations and comparison with results 
from the Monte Carlo statistical code used by INEL to analyze ATR 
operating conditions indicate that the multiplicative approach may be 
conservative by 10 to 15% in setting the IBL for the ANS reactor. 

Two other safety limitations were considered in the PS-2 search for 
a new core design: total core thermal power and core power density. 
These limitations were regarded in a qualitative sense. The desire to 
reduce the core power density was one of the motivations for embarking 
upon the PS-2 process. Lower core power density improves core inherent 
safety performance in beyond-design-basi^ events, for example, those 
involving natural circulation. Total core power level is proportional 
to the fission product inventory that could become a source term in the 
event of a severe accident. When other factors were similar, the core 
design alternative having a lower thermal power was favored in the 
selection process. 

3.2 INCIPIENT BOILING LIMIT 

For a given coolant velocity, inlet pressure, inlet temperature, 
and coolant channel width, the maximum power density that can be accom-
modated by the fuel element without encountering incipient boiling near 
the outlet depends upon the heated length. The results of some calcula-
tions by U. R. Gambill are given in Table 1; his results are plotted in 
Fig. 10, along with a least-squares fit, straight-line correlation. 
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Table 1. IBLs (multiplicative combination of 
major uncertainties) 

Fueled 
volume 
(L) 

Number 
of 

elements 
Geometry 

Heated 
length 
(mm) 

Incipient 
boiling 
power3 
(MW) 

Incipient 
boiling 
power 

density^ 
(MW/L) 

Figure 
No.c 

41 3 Offset 208 316 7.707 B.3 
41 2 Offset 310 280 6.829 B.7 
41 2 In-line 431 229 5.585 B.l 
50 3 Offset 254 365 7.300 B.4 
50 2 Offset 379 310 6.200 B.8 
50 2 Offset 455 270 5.400 B. 15 
60 3 Offset 304 413 6.883 B. 12 
60 2 Offset 455 324 5.400 B.9 

Calculations by W. R. Gambill. Inlet pressure = A.14 MPa, inlet 
temperature = 49°C, coolant velocity in core - 27.4 m/s, and nominal 
channel gap = 1.27 mm. Power is defined as the heat convected from the 
fuel plates into the coolant: fission power would be ~5% higher. 

^Incipient boiling power divided! by fueled volume. 
cIn Appendix B. 

Gambill's calculational methods, and the uncertainty factors he used, 
are described in Appendix C. The correlation was calculated with the 
linear regression routine of Universal Technical Systems' TK SOLVER 
program. 

Similar calculations by N. C. J. Chen, using a partially modified 
version of a very early HFIR thermal-hydraulic computer code,6 gave 
results that showed the same trends, but generally a 4 to 10% lower 
IBL. For the purpose of the PS-2 Committee, which was to compare dif-
ferent designs, the figures from the simpler manual calculations were 
used, while efforts continued to reconcile the two sets of calculations. 

The straight-line relationship can be used to define the maximum 
permissible power density (from an incipient boiling viewpoint) for 
cores with a heated length, from inlet to outlet, in the range covered 
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Fig. 10. IBL limit vs heated length. 

by the data, and for small extrapolations outride that range. The equa-
tion of the line follows: 

Power density at IBL = 9.72 - 0>00947 x heated length 
or 

p(IBL) = 9.72 - 0.00947 x HL . (1) 

If the heated length is expressed in millimetres, the power density will 
be in megawatts per litre. The correlation coefficient of the least-
squares fit is 0.9988. 

Equation (1) can be used to estimate the power density advantage to 
be gained by offsetting the two elements of a split core. In a typical 
case, the fueled region of each element might be 350 mm long. For 
in-line elements, the total heated length would be 700 mm, and the IBL 
would be 3.1 MW/L. For offset elements with separate coolant streams, 
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the heated length would be only 350 mm, and the IBL would be 6.4 MW/L, 
more than double the value for an in-line geometry without coolant 
mixing. 

Mote that incipient boiling puts a limit on the heat that can be 
transferred to the coolant from the fuel plates: the fission power in 
the core, which includes the energy carried away from the fuel element 
by gamma and other penetrating radiation, can be ~5Z higher than the 
coolant power. 

The straight-line relationship will break down when the heated 
length is so great that the outlet pressure begins to approach the 
saturation pressure. However., the linearity could be extended by 
increasing the inlet pressure. 



18 

4. NEUTRONIC COMPARISON OF TWO- AND THREE-ELEMENT CORES 

To compare a large number of possible core geometries and dimen-
sions without incurring excessive computing costs and schedule delays, 
the PS-2 Committee decided that for screening purposes, comparisons 
would be made on the basis of the beginning-of-cycle (BOC) parameters in 
cores with an ungraded fuel loading. Performance of a selected design 
would then be extrapolated to end-of-cycle (EOC), graded core conditions 
by comparison with results from fuel grading and burnup calculations on 
a typical design. Eventually, detailed burnup calculations would be 
carried out on the new reference core. 

Early neutronics calculations were carried out separately by ORNL 
and INEL staff using different techniques, and the results were com-
pared. Close agreement of the results (e.g., Table 2) gives some assur-
ance that models, codes, and cross-section sets were fit for the pur-
poses of the PS-2 Committee. 

The key parameter for comparing core neutronic performance is the 
rendement (i.e., the peak thermal flux divided by the neutron production 
rate in the core). The three calculations in Table 2 all fall within 
~12 of the mean value. 

Table 2. 41-L I n - l i n e core (Appendix B, F i g . B .2 ) 

Source of Code 
Number 

of Cross-
sect ion 

s e t 
Spat ia l R e s u l t s 

c a l c u l a t i o n used energy 
groups 

Cross-
sect ion 

s e t w e i g h t i n g a 
K e f f Rendement 

R. T. primm, 
ORNL Venture 7 ANSLb No 1.254 3 .42 

J . Ryskamp, 
INEL PDQ 4 ANSLb- c Full 1.251 3 .39 

F. C. D i f i l i p p o , 
ORNL Venture 4 Older Par t ia l 

se t 
1 .28 3 .32 

a 0f cross s e c t i o n s within the core r e g i o n . 
fcRe£. 2 . 

°For some key e lements . 
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Table 3 shows results from several calculations by R. T. Primm. 
All of the cores had consistent, comparable geometries. Each was made 
up from 1.27-mm-thick fuel plates separated by 1.27-mm-wide heavy-water 
coolant channels. The central hole diameter was always 103 mm, and the 
radial thickness of the fueled zones was 60 mm (except for the outermost 
element of three-element designs, which was only 50 mm thick). 

The BOC reactivity needed to provide the minimum core life speci-
fied for the ANS reactor (14 d) depends to some extent on the core 
geometry because the loss of reactivity for a given fuel burnup is not 
the same for all possible core designs. However, as an approximation 
for purposes of comparison only, it was decided that a nominal reac-
tivity at BOC of 1.25 would be chosen: prior experience showed this to 
be a fairly typical value for the BOC reactivity of an unpoisoned 14-d 
core at 300 to 350 MU. 

Appendix D summarizes many of the much larger set of calculations 
performed by Primm. Varying the core dimensions changes both the reac-
tivity and the rendement. Therefore, direct comparisons of the rende-
ment figures in Table 3 would be inappropriate because if the reactivity 
is high, fuel could be removed from the core, which would increase the 
rendement. The two calculations for different fuel loadings in other-
wise identical 50-L two-element cores (Table 4) can be used to correct, 
approximately, for reactivity effects on rendement. The rendement rises 
from 3.082 to 3.139, an increase of 1.85%, when the reactivity falls 
from 1.273 to 1.262, that is, by 0.864%. Thus, it was assumed that in 
the cores of Table 3, a given percentage change in reactivity would lead 
to a 1.85/0.864 = 2.1 times greater change, of the opposite sign, in the 
rendement. 

Suppose that a particular core in Table 3 has a beginning-of-life 
reactivity of Kg££ and a rendement of E. If the fuel loading were 
adjusted to make Keff = 1.25 (the number chosen as a basis for compari-
son), the rendement would change to E', where 

E - E' , Keff - 1.25 
E - 2.1 * Keff ' 



Table 3. Neutronic data used to set up correlations 
of neutronic performance 

Fueled 
volume 
(L) 

Number 
of 

elements 

Plenum 
gap 
(mm) 

Fueled 
length 
per 

element 
(mm) 

Fuel 
loading 
(kg) 

Effective® 
height 
(nm) 

Reactivity Rendement 
(m ) 

Figure 
No.* 

41 2 50 310 22 720 1.252 3.287 B.7 
41 2 130 . 310 22 880 1.247 3.195 B.2 
50 2 50 379 22 8S8 1.273 3.082 B.8 
60 2 50 455 22 1010 1.292 2.887 B.9 
60 2 130 .455 22 1170 1.283 2.827 B.14 

50 3 253.3 22 850 1.273 2.757 
60 3 50 304 22 1062 1.281 2.598 B.12 
70 3 50 354 22 1212 1.291 2./-6S B.13 

50 2 50 379 19.5 858 1.262 3.139 B.8 

aNumber of elements * (fueled length * plenum gap). 
*Appendix B. 
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Table 4. 50-L Cores—reactivity 
and rendement 

Fuel loading Reactivity Rendement 
( k g ) K e f f ( m - 2 ) 

22 1.273 3.082 
19.5 1.262 3.139 

or 

E- « E | 3 . 1 - # ^ i 2 V (2) 

The correction to the rendement is generally small, as may be seen 
by comparing Tables 3 and 5, so that extreme accuracy in making the 
adjustment is unnecessary, which is fortunate, because in reality the 
relationships among fuel loading and depletion, reactivity, core life, 

Table 5. Corrected rendements for the cores of Table 3 

Fueled 
volume 

(L> 

Number 
of 

elements 

Plenum 
gap 
(mm) 

Fueled 
length 

per 
element 

(mm) 

Fuel 
loading 

(kg) 

E f f e c t i v e 3 

height 
(mm) 

Corrected 
rendement" 

(nf 2 ) 
Figure 

No. c 

41 2 50 310 22 720 3.30 B.7 
41 2 130 310 22 880 3.18 B.2 
50 2 50 379 22 858 3.20 B.8 
60 2 50 455 22 1010 3.08 B.9 
60 2 130 455 22 1170 2.98 B. 14 

50 3 253.3 22 850 2.86 
60 3 50 304 22 1062 2.73 B. 12 
70 3 50 354 22 1212 2.63 B. 13 

50 2 50 379 19.5 858 3.20 B.8 
aNumber of elements x ( fue led length + plenum gap). 
^Corrected to a BOC r e a c t i v i t y of 1.25. 
cAppendix B. 
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and rendement are rather nonlinear and may equal or exceed the correc-
tion calculated from Eq. (2). 

Plotting the height and rendement figures from Table 5 reveals a 
rather linear relationship (see Fig. 11). The TK SOLVER linear regres-
sion routine gives the following relationships: 

Two-element corrected rendement 
« 3.81 - 0.00072 x effective height 
= 3.81 — 0.00144 x (fueled length per element 

+ axial gap) (3) 

Three-element corrected rendement 
« 3.40 - 0.00063 
= 3.40 - 0.00189 

x effective height 
x (fueled length per element 
+ axial gap) (4) 

Because the correlation for three-element cores was initially 
derived from only three data points, for one of which there was some 
uncertainty about the value used for the effective length (see Tables 3 
and 5), the correlation was later confirmed with additional data points 
(see Appendix E). 
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4.1 POWER, POWER DENSITY, AND FLUX FOR TWO- AND THREE-ELEMENT CORES 

For a given element height, Eq. (1) calculates the power density 
that can be accommodated (under the stated assumptions) without exceed-
ing the IBL. 

For the geometry considered, the core volume is proportional to the 
element length. From inspection of the figures in Appendix B, the rela-
tionship between fueled length [heated length (H^)] and volume of two-
element cores is expressed as 

Volume (cm3) = u * fueled length x (242 - 182 + 172 - ll2). 

If the dimensions are expressed in millimetres, then 

Volume (L) = 0.1319 x fueled length per element 

or 

V2 = 0.1319 x HL . (5) 

Similarly, for the three-element cores, 

V3 = 0.1976 x HL . (6) 

Note that these relationships are valid only for the radial fuel 
thicknesses shown in the figures of the Table 4 cores. 

The product of permissible power density (Eq. 1) with core volume 
[Eq. (5) or (6)] gives the permissible power level. The product of 
power level and rendement [Eq. (3) or (4)] is proportional to the 
achievable flux; the relevant equations are listed in Table 6, and when 
plotted they give some very interesting curves. 

As the length of each element is increased, the core volume 
increases and so, at first, does the permissible power. However, longer 
elements have lower IBLs; for cores longer than ~500 mm, the power 
density is falling more rapidly than the volume is increasing, so the 
allowable power decreases (Fig. 12). Of course, for any given element 
length, the volume (and, therefore, permissible power) of a three-
element core is ~50X greater than that of the two-element - ne. No 
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Table 6. Volume, power density, power, rendement, and relative 
f l u x f o r two- and t h r e e - e l e m e n t c o r e s w i t h f u e l e d 

length, Ht (mm) and 50-mm plenum gap 

Parameter Two-element core Three-element core 

Volume, L 0.1319 HLfl 0.1976 H l 

Power density, 
MW/L 

9.72 - 0.00947 HL 9.72 - 0.00947 HL 

Power,4 MW 0.1319 HL x 
(9.72 - 0.00947 H L ) 

0.1976 HL x 
(9.72 - 0.00947 H L ) 

BOC rende-
ment, c m~2 

3.81 - 0.00072 x 2 x 
(HL + 50) 

3.40 - 0.00063 x 3 x 
( H L + 50) 

Relative flux,d 

mW-m"2 
0.1319 H l x 
(9.2 - 0.00947 HL) X 
(3.738 - 0.00144 H L ) 

0.1976 Hl x 
(9.72 - 0.00947 HT) X 
(3.306 - 0.00189 Hl) 

aFueled (heated) length in each element. 
^Power = volume * power density. 
cCorrected to K e f f = 1.25 (~14-d core life). 
^Relative flux = power x rendement. 

ORNL-DWG 89-4634 ETD 
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F i g . 12 . Power v s h e a t e d l e n g t h f o r two- and t h r e e - e l e m e n t c o r e s , 
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points are plotted for two-element core volumes greater than ~80 L, 
because such cores would have heated lengths outside the range of data 
used to generate Eq. (1). 

A somewhat similar relationship exists between core volume and 
power (Fig. 13), because the volume is Linearly proportional to the ele-
ment length, although with a different constant of proportionality for 
two— and three-element cores. Permissible power density decreases with 
increasing volume (Fig. 14) because cores with larger volume have 
greater heated lengths. 

To compare the fluxes produced by two- and three-element cores, not 
only the power but also the rendement must be known. Figure 15 shows 
that the rendement steadily decreases as the core volume (and, there-
fore, height) is increased. The peak thermal flux is proportional to 
the product of rendement and power as shown in Fig. 16. 

On the average, a fission releases ~2.5 neutrons and 32 pJ 
(200 MeV) of energy. Therefore, the neutron production rate per mega-
watt of reactor fission power is approximately (106/32 x 10-12) x 2.5 » 
7.8 x 1016/MW. To meet the design criterion for a peak thermal flux in 
the range 5 to 10 x 1019 m"2'S-1, the product of power and rendement in 
the ANS core must exceed (5 x 1019)/(7.8 x lO1*) * 650 HW-m"2. In the 
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F i g . 13. Power vs core volume for two- and t h r e e - e l e m e n t c o r e s . 



26 

ORNL-DWG 89-4668 ETD 

100 120 0 2 0 4 0 6 0 8 0 

CORE VOLUME (L) 
Fig. 14. Power density vs core volume for two- and three-element 

cores. 
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Fig. 15. Rendement vs core volume for two- and three-element 
cores , 

range of power and volume covered by Fig. 16, all the cores easily 
exceed the minimum criterion. 

Figure 16 shows that for core volumes greater than -40 L, the 
three-element cores can give a higher flux, but they have a lower rende-
ment (Fig. 15). Therefore, the higher flux is bought at the cost of 
higher power — actually, at a much higher power (Fig. 17). 
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The highest flux two-element core has a volume of -60 L (Fig. 16) 
and a relative flux of just over 1000 at its maximum power of 324 MW 
(Fig. 17). The three-element core matches that flux in a volume of 
~46 L, but requires 25 MW more power to do so. Moreover, to gain even a 
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10% advantage over the two-element core — that is, to give a relative 
flux of 1100 ~ the three-element core must have a volume of only 57 L 
but a power of 400 MW. 

The increased power level associated with three-element cores would 
lead to larger fission product inventories, which will increase the 
source term to be accommodated by the containment and filtration sys-
tems. An increase from two elements to three would also add $1.5M to 
$2M to the annual fuel fabrication costs of the ANS. 

An increase in power from 325 to 400 MW would increase construction 
costs for the facility by approximately $40M. 

Furthermore, although meeting the same IBLs, the three-element core 
power density of 400 MW/57 L = 7 MW/L is 30Z higher than in the optimum 
two-element core (324 MW/60 L = 5.4 MW/L): the higher power density 
might lead to faster oxide growth and lower critical heat flux limits. 

The PS-2 Committee decided that these disadvantages of the three-
element configuration definitely outweighed a 10% flux increase, and the 
two-element configuration was selected for further study. 

Comparing the flux maxima of the curves in Fig. 16, the two-element 
design gives only 15% less flux than the three-element one, and it does 
so with 32% less power and 5X lower power density. The performance dif-
ferences between the two geometries are surprisingly small (see 
Table 7). 

Table 7. Summary comparison of selected two- and 
three-element designs 

Two-
element3 

Three-
element^3 

Three-
element0 

Three-
element* 

Power x rendement 1001 1001 1102 1197 
Power, MW 324 351 400 477 
Core volume, L 59.4 46.9 57.3 83.0 
Power density, MW/L 5.5 6.4 7.0 5.7 

aMaximum achievable flux design — see Fig. 17. 
^Selected to have the same flux as the optimum two-element core. 
cSelected as the lowest power three—element design that exceeds the 

flux capability of a two—element core by 10% or more. 



29 

4.2 SELECTION OF ELEMENT THICKNESS 

The cores just compared had the same radial thickness of the fuel 
region: 60 mm, except for the outer element of the three-element cores 
that was only SO mm thick. The effect of increasing or decreasing the 
radial fuel thickness was also investigated. 

Table 8 shows a significant advantage to making the radial thick-
ness of the fuel region as large as possible. Over the range con-
sidered, the rendement falls only 32, while the IBL rises by 252: the 
net result would be an increase in flux, which is proportional to the 
product of power and rendement, of ~21%. 

Table 8. Rendement, Kgff, and corrected rendement 
for 50-L two-element cores3 

Radial 
fuel 

thickness 
(mm) 

Heated 
length 
(mm) 

Allowable 
power 

density^ 
(MW/L) 

Keff 
Rendement 

(m-2) 
Corrected 
rendement° 

(m-2) 
Figure 
No.d 

52.3 455 5.41 1.286 3.045 3.22 B. 15 
60.0 379 6.13 1.273 3.082 3.20 B.8 
69.5 310 6.78 1.259 3.071 3.12 B. 18 

aAll cores have 50-mm plenum gap and 22 kg of 23 SU. 
^Calculated from Eq. (1). 
cCorrected to K g f f = 1.25 by means of Eq. (2). 
dIn Appendix B. 

One limit on the thickness of the fueled region is set by the 
stability of the thin fuel plates. As the fuel region is widened, the 
involute fuel plates must have a larger span and are therefore less 
stiff and less resistant to distortion or instability under the influ-
ence of the hydraulic forces exerted by the high-velocity coolant flow. 

Calculations of the critical coolant velocity for fuel plate insta-
bility and collapse are difficult, and there are few experimental data 
for curved plates. Development of the analysis continues, and hydraulic 
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stability of the fuel elements will eventually be verified by full-scale 
experiments and demonstration. At the time of the PS-2 Committee's 
studies, calculations of critical velocity were based on an extension of 
the Miller correlation.7 Figure 18 shows some results from those cal-
culations. Inspection of the figure shows that a critical velocity of 
>41 m/s, representing a 50Z margin over the proposed 27.4 m/s coolant 
velocity, can be achieved if the radial span of the fuel region is no 
greater than ~66 mm, but much work remains to be done in this area. 

Further calculations were therefore carried out with a radial fuel 
thickness of 66 mm. Note, however, that the plates of the inner element 
are more strongly curved, and therefore stiffer, than the outer element 
plates. During conceptual design, further optimization studies will 
consider cores with inner and outer elements of different thickness to 
maximize the critical velocity of the overall core. 

To make comparisons over a wide range of core volumes and heights, 
the incipient boiling power density correlation [Eq. (1)] was applied to 
elements of up to 600- heated length. Such a length is outside the 
range of data used to generate the correlation, and if such extended 

ORNL-DWG 89C-4475 ETD 

FUEL THICKNESS (mm) 

Fig. 18. Cr^ical velocity and fuel radial thickness. 
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elements were to be adopted it might be necessary to raise the inlet 
pressure to suppress incipient boiling at the outlet. 

The rendement correlation [Eq. (3)] was modified to account for the 
Lower neutronic efficiency of the thicker cores. Assuming that the 
slope of the rendement vs effective height correlation is not signifi-
cantly changed from the value of 0.00072 in Eq. (3) by the small (6-mm) 
increase in fuel thickness, the new constant can be be calculated from 
the results shown in Table 9. 

Corrected rendement = constant - 0.00072 x effective height 
3.07 = constant - 0.00072 x 766 

constant = 3.07 + 0.00072 x 766 = 3.62 
rendement (66 mm) = 3.62 - 2 x 0.00072 (fueled length + 

plenum gap) (7) 

For any given fuel element length and plenum gap, the thicker elements 
are slightly less neutronically efficient, having a rendement that is 
lower by -0.2. However, this lower rendement is more than compensated 
by the higher power that the thicker elements can accommodate. 

Table 9. 50-L Two-element core 
with 22-kg fuel, 66-mm radial 
thickness of the fuel region, 

and 50-mm plenum gap 

Figure No.a B.19 
BOC reactivity 1.252 
BOC rendement, m~2 3.064 
Corrected rendement,m-2 3.07 
Fueled length,c mm 333 
Plenum gap, mm 50 
Effective height, mm 766 

aAppendix B. 
^Corrected to = 1 .25. 
cPer element. 
Effective height = 2 x (fueled 

length + plenum gap). 
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The volume of these two-element cores with 66-mm-thick fuel regions 
may be found by inspection of the drawings in Appendix B. 

Volume (cm3) = » (25.22 - 18.62 + 17.62 - ll2) x Hl . 

If the dimensions are expressed in millimetres, then 

Volume (L) = 0.1501 x fueled length per element . (8) 

Figure s 19 and 20 show that for any given volume, in the range con-
sidered, the 66-mm-thick elements can accommodate more power (because 
the heated length is shorter); but the thinner elements have higher 
rendement. The net result is that for volumes greater than ~37 L, the 
66-mm cores can give a higher peak thermal flux in the reflector 
(Fig. 21). 

The product of power and rendement, proportional to peak thermal 
flux, is plotted against incipient boiling power (Fig. 22), revealing 
that the thinner cores can give more flux at power levels below 
~325 MW. Higher fluxes can be achieved by choosing a thicker (66-mm) 
design and operating at higher power: this was the course adopted by 
the PS-2 Committee. 

OHNL-DWG 89-4645 ETD 

F i g . 19 . Power v s core volume f o r 6 0 - and 66-mm c o r e s . 
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Pig. 20. Rendement vs core volume for 60- and 66-mm cores. 

ORNL-DWG 89-4642 ETD 

CORE VOLUME (L) 
Fig. 21. Relative flux vs core volume for 60- and 66-mm cores. 
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Fig. 22. Relative flux vs power for 60- and 66-mm cores. 

4.3 SELECTION OP CORE VOLUME 

Only one core volume, 67.4 L, maximizes the thermal flu? attainable 
from two 66-mm fuel elements in the configuration dircussed earlier. 
The IBL is 369 MW (power transferred into the coolant), corresponding to 
an average power density of 5.47 MW/L. However, as Fig. 21 shows, the 
maximum in the curve of flux vs core volume is a very flat one. This is 
further illustrated in Fig. 23, which shows the combinations of power 
and power density that could be chosen in return for a loss of only 52 
or only 102 of the flux. Those curves too are very shallow; for a 
modest power increase, 902 of the peak thermal flux capability could be 
maintained while significantly reducing the power density and so 
achieving higher margins to critical heat flux and perhaps reducing the 
impact of oxide growth. 

A core volume of 67.4 L is optimal, according to the correlation 
equations shown in Table 10. However, the correlations are based on 
models that are less than complete: for example, all the comparisons 
were based on BOC calculations, corrected by an approximate method to 
account for variations in reactivity and core life. Furthermore, the 
two methods employed to calculate the IBL — one analytical, the other 
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POWER DENSITY (MW/L) 
Fig. 23. Power vs power density at 90, 95, and 100% of maximum 

attainable nominal flux. 

numerical — differed by a few percent. In addition, the uncertainties 
to be applied to the power limits were treated by an approximate, 
although conservative, method. Therefore, it is important to understand 
the degree to which the conclusions drawn from these calculations might 
be affected by inaccuracies or changes in the correlations. Conse-
quently, calculations were made of the optimum core volume and relative 
flux that would be predicted if the coefficients of the correlations in 
Table 10 were changed by ±15% as shown in Table 11. Also, the relative 
flux that would be predicted at a fixed power level (332 MW or 90% of 
the permissible maximum for the 67.4-L core) was calculated. The 
results, shown in Table 12, indicate that even if the coefficients in 
the correlations were wrong by ±15%, the best core volume is still 
within -13% of the 67.4-L baseline. 

Table 13 shows the effect on the attainable performance of a 67.4-L 
core (the optimum core volume with the nominal correlations) of ±15% 
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Table 10. Volume, power density, power, tendement, and 
relative flux for two-element cores wi*"'" liQ-mm 

plenum gap 

Parameter 
60-mm-
Thick 

elements 

S6-mm-
Thick 

elements 

Volume, L 0.1319 Hl 0.1501 Hl 

Power density, MW/L 9.72 - 0.00947 HL 9.72 - 0.00947 HL 

Power,b MW 0.1319 Hl x 0.1501 Hl x 
(9.72 - 0.00947 HL) (9.72 - 0.00947 HL) 

BOC rendement,0 m"2 3.81 - 0.00072 x 2 x 3.62 - 0.00072 x 2 x 
(Hl + 50) (HL + 50) 

Relative flux,d 
MW-rn"2 

0.1319 Hl x 
(9.72 - 0.00947 HL) x 

0.1501 Hl x 
(9.7? - 0.00947 Hl) X 

(3.738 - 0.00144 HL) (3.548 - 0.00144 Hl) 
aH L is the fueled (heated) length in each element. 
^Power = power density x volume. 
Corrected to K g f f = 1.25 (~14-d core life). 
^Relative flux = power x rendement. 

Table 11. Changes in incipient boiling and 
rendement correlation constants 

Case Incipient boiling correlations Rendement correlations 

la 9.72 -0.00947 Hl 3.548 -0.00144 HL 

2 +152 
3 -15% 
4 15% 
5 -15% 
6 + 15% 
7 -15% 
8 +15% 
9 -15% 

aThe nominal case. 
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Table 12. E f f e c t s of 15% changes in the 
c o e f f i c i e n t s of the i n c i p i e n t b o i l i n g 

and rendement c o r r e l a t i o n s on the 
va lues of optimum volume, power, 

and r e l a t i v e f l u x 

Case Volume 
(L) 

Power3 

(MW) 

Rel at ive 
f l u x 

(MW-nT2) 

R e l a t i v e 
f l u x at 
332 MW 

1 67 .4 332 962 962 

2 75.6 485 1368 936 

3 59 .0 268 799 7 9 9 i 

4 59 .8 322 957 957 b 

5 76 .9 431 1209 932 

6 69 .1 371 1270 1136 

7 65 .4 366 870 789 
8 65 .7 367 1030 904 

9 69 .1 371 1110 963 

a10Z margin t o the IBL. 

*332 MW exceeds 902 of IBL; f lux i s c a l c u -
la ted at 90Z IBL power l e v e l . 

Table 13. E f f e c t s of 15% changes in the c o e f f i c i e n t s of the 
i n c i p i e n t b o i l i n g and rendement c o r r e l a t i o n s on 

the performance of a 67 .4 -L core 

Case 
Maximum power 

d e n s i t y 9 

(MW/L) 

Power3 

(MW) 
R e l a t i v e 

f l u x 

R e l a t i v e 
f l u x at 
332 MW 

Optimum core 
r e l a t i v e 

f l u x * 

1 5 .48 369 1069 962 962 
2 6 .93 467 1354 962 936 
3 4 .02 271 784 784° 799 
4 4 . 8 4 326 945 925 c 957 
5 6 .11 412 1194 962 932 
6 5 .48 369 1269 1142 1136 
7 5 .48 369 869 782 789 
8 5 .48 369 1030 923 904 
9 5 .48 369 1109 997 963 

a10X margin to the IBL. 
6From column 5 , Table 11. 
c 332 MW exceeds 90Z of IBL; f lux i s c a l c u l a t e d at 902 IBL power 

l e v e l . 
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changes in the correlation constants. Columns 5 and 6 of Table 13 show 
that the relative flux obtainable, at 90% of the IBL, from a 67.4-L core 
is reduced by only a few percent compared with the "optimum core"; in 
other words, the choice of 67.4 L and the performance expected of the 
core are rather robust against uncertainties or changes in the correla-
tions used during this core comparison study. Accordingly, the 67.4-L 
volume, optimal for the nominal correlations used, was adopted for the 
new reference core. 

Table 13 indicates that every effort should be made to avoid 
changes or constraints leading to cases 3 or 7 - for example, one should 
not relax the pressure or temperature conditions at the core inlet to a 
degree that degrades the IBL, nor add material in the core region that 
will substantially degrade the rendement. Indeed, one should work 
assiduously to increase the "basic" rendement (i.e., the zero length 
limit) of the design. The PS-2 team did, by minor changes in core 
dimensions, make progress in this direction (see Sect. 5). 
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5. PINAL ADJUSTMENTS TO THE SELECTED CORE DIMENSIONS 

I n s p e c t i o n of p r e v i o u s r e s u l t s r e v e a l e d a number of d i m e n s i o n a l 

c h a n g e s and o t h e r s t e p s t h a t , i f p r a c t i c a l , might be e x p e c t e d t o 

i n c r e a s e t h e a v a i l a b l e f l u x by r a i s i n g t h e rendement more than t h e y 

r e d u c e t h e IBL: 

« Reduce the radius of the central hole from 103 to 95 mm. 
• Reduce the fuel loading to give a 14-d core life at 350 MW(f)y that 

is, 332 MW(th) transferred into the coolant. 
• Reduce the support post thickness from 10 to 7 mm. 

— The pressure difference across the support post wall is ~2 MPa. 
— The support post radius is -175 mm compared wi.h 268 mm for the 

16-mm-thick core pressure boundary tube (CPBT) that withstands a 
AP of 4.14 MPa. 

— Therefore, the approximate minimum thickness of the core support 
post is (175/268) x (2/4.14) * 16 ~5 mm. 

• Reduce the CPBT thickness to correspond to the reduced diameter and 
an inlet pressure of 3.7 MPa. 

• Reduce the cooling channel gap between the outer fuel sideplate and 
the CPBT to 5 mm. 

The design resulting from these changes is the one shown in Fig. 3 and 
adopted as the final preconceptual core design. With an ungraded fuel 
loading of 14.9 kg, the BOC rendement of this core is 3.058 or 82 
greater than the unmodified 67.4-L version. 
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6. CONCLUSION 

6.1 FLUX POTENTIAL FOR THE REFERENCE CORE 
By inspection of previous results and of calculations carried 

through to the EOC, the following estimates were made. 
The number of neutrons produced per megawatt of fission power is 

~7.5 x lO1^. Therefore, the expected flux for the reference core is 

332 x 3.058 x 7.5 x 1016 x (1.26 ± 0.1) = 9.6 ± 0.8 x lO1* m-z-s"1 , 

or coolant power x rendement x neutrons produced/MW(f) x expected gains 
(from Table 14). The pessimistic combination predicts a flux capability 
~8 to 9 x lO1^ m~ 2•s~1. 

Table 14. Assumpt ions made d u r i n g t h e PS-2 s t u d y f o r the 
f a c t o r s a f f e c t i n g c a l c u l a t e d peak thermal f l u x 

Optimistic Realistic? Pessimistic 

Fission power/power into 
coolant 1.06 1.05 1.04 

Power limit gain from multipli-
cative to statistical uncer-
tainty combinations 1.15 1.10 1.05 

Rendement gain from BOC/ungraded 
fuel to EOC/graded fuel 1.12 1.09 1.06 

Multiply 1.36 1.26 1.16 

6.2 SPECIFICATIONS 

Table 15, which contains an estimated allowance for the extra fuel 
that will be needed in a graded core, lists the major parameters of the 
final preconceptual core design. The IBL is not the only limit that may 
restrict the power that can be safely dissipated in this core. Other 
limits include the critical heat flux, which is probably less restric-
tive than incipient boiling even though, for safety reasons, a larger 
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Completed prec 
c o r e d e s i g n d a t a 

Configuration 

Number of elements 2 
Geometry Split core 
Element alignment Coaxial 
Coolant flow Upflow 
Flow path Diverted 
Fuel plates Involute 

Core dimensions 

Fueled volume, L 67.4 
Heated length per element, mm 474 
Flow area in coolant channels, m2 0.071 
Span of outer element plates, mm 83 
Span of inner element plates, mm 97 
Fuel loading per element, kg 9 

Thermal-hydraulic conditions 

Inlet pressure, MPa 3.7 
Inlet temperature, °C 49 
Flow velocity in element, m/s 27.4 
Mass flow in core, kg/s 1950 
Power removed by coolant at IBL, MW 369 
Power received by coolant at nominal 332 
operating point, MW 

Power at IBL,a MW 388 
Bulk outlet temperature at IBL, °C 88 

C o r e physics 

Reactivity at BOC 1.26 
Rendement at 14 d 3.26 
Peak thermal flux at IBL, 9 
1019 neutrons/m2•s 

Average fuel burnup, % 30 
Thermal/fast flux ratio at thermal peak 100 

Control elements 

Control and shutdown Central hole, 4 
absorbers 

Shutdown Outside CPBT, 8 
absorbers 
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Table 15 (continued) 

Materials 

Fuel 
Enrichment, % 
Coolant 
Structure 
Control elements 
Burnable poisons 

U3Si2 
93 
D20 
6061-T6 Aluminum 
Hafnium 
Boron carbide 

aRecent experimental results from the ANS heated 
water loop imply that the Griess correlation and the INEL 
data from the ATR underestimate the rate of oxide growth 
under ANS-like conditions: the ANS loop was constructed 
to check, this very possibility. If these results are con-
firmed, the power in this core design may be limited to 
-300 MW, a reduction of 14%; however, in that case the 
core emerging from the conceptual design would be reopti-
mized (e.g., by reducing fuel loading) so that the reduc-
tion in thermal neutron flux would be <14%. 

margin will be required. Oxide formation on the fuel clad may be a more 
restrictive phenomenon than either IBL or critical heat flux and is 
discussed in Appendix E. 

The reference core selected at the end of the ANS Project precon-
ceptual design phase has a lower power density and greater margins to 
the IBL than previous designs, while meeting the performance criteria of 
the project. 
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Appendix B 

SUMMARY OF CORE DIMENSIONS 
CONSIDERED TO DATE 

This appendix presents a series of figures giving dimensions of the 
core options evaluated as part of the PS-2 effort. All of these options 
initially grew out of the split involute core concept recommended at the 
February 1988 core comparison workshop.1 At the time of the workshop, a 
split core with involute plates and a volume of ~30 L was recommended. 

As core analyses progressed, there was a feeling that lower power 
densities were required, and a core volume of 41 L was proposed. Sensi-
tivity studies also indicated that the maximum reactivity was attained 
with a gap between the fuel of ~150 mm (a gap between the ends of the 
plates of 130 mm if each has a 10-mm end cap). These considerations led 
to the core shown in Fig. B.l being proposed. 

At the same time, efforts continued on the "enhanced" core concept, 
in.which each core segment is cooled with a separate stream of coolant, 
near the temperature of the primary coolant leaving the primary heat 
exchangers. Because hydraulic considerations indicated that excessive 
gap distances would be required for aligned fuel elements, attention was 
given to offset elements with essentially straight inlet and outlet flow 
paths. Figure B.2 depicts a two-element offset core roughly equivalent 
to the 41-L aligned core, and Fig. B.3 depicts a three-element core with 
similar gaps between elements. 

Review of the design optimization of the ILL reactor indicated that 
taller cores might further reduce the power density with minimal impact 
on the neutronic efficiency. Thus, 50- and 60-L versions of the three-
element offset cores were proposed neutronic (Figs. B.4 and B.5), in 
which only the lengths of the fuel elements and gaps were altered. 
These five proposals served as the initial five cases for the PS-2 
evaluations. 

As the PS-2 evaluations progressed, it was suggested that paramet-
ric comparisons of the five basic cases were skewed by the different gap 
sizes in the various cases. It was particularly felt that large gaps 
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were a penalty for the three-element proposals. Because the optimiza-
tion of reactivity that led to the original gap size was not considered 
applicable to the offset core geometries, an alternative approach based 
on the smallest gap size considered mechanically achievable was pro-
posed. A vertical gap of 50 mm between the fueled regions of the ele-
ments was agreed upon, and a wide range of aligned, two- and three-
element offset cores was evaluated. These cores are depicted in 
Figs. B.6-B.13. An additional two-element offset, 60-L core with a 130-
mm gap was evaluated for comparison with the original case 2 core 
(Fig. B.14). 

Several other perturbations in the basic core geometries were con-
sidered. A two-element offset core, with a volume of 50 L but the 
vertical dimensions of the 60-L core (Fig. B.15), was considered to 
assess the relative importance of core height and fuel element thick-
ness. A three-element, 60-L core with the fuel elements transposed was 
also considered (Fig. B.16), to determine whether this arrangement pro-
duced a "flux trap" effect near the beam tube mouths. A two-element 
offset, 60-L core with the overall aspect ratio of the HFIR core was 
considered (Fig. B.17), as a gross check on the desirability of using 
tall, narrow cores. Following this case, a more moderate "thick" core, 
a 50-L core with the height of the 41-L core, was calculated 
(Fig. B.18). 

A review of data on critical velocity calculations led to fuel 
thickness (the difference between the outer and inner radius of the free 
fuel plate zone) being limited to 66 mm. Figures B.19—B.22 considered a 
number of two-element core variants with 66-mm-thick fuel zones. These 
variants include 50- and 70-L cores with a 50-mm gap between elements, a 
50-L core with a 250-mm gap (to investigate the impact of a larger gap 
on beam tubes), and a 50-L core with a 100-mm gap, and the central post 
tapered at 3.5. 

A further check of the evaluation process was accomplished by cal-
culating the ILL core (Fig. B.23), and a model of the HFIR core immersed 
in heavy water (Fig. B.24). The HFIR core was also calculated in the 
two-element offset configuration, by separating the two HFIR elements to 
provide a 50-mm gap between the elements (Fig. B.25). Care must be used 
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in comparing these results with the other cases, because the ILL and 
HFIR cases as initially defined do not include a CPBT. 

Two 80-L cores were proposed, as shown in Figs. B.26 and B.27. The 
first is a two-element core in the standard configuration, with 66-mm-
thick fuel zones and a 50-mm gap. The second is a three-element core, 
also typical of other three—element cases. However, the inlet pressure 
of this core was assumed to be lower, and a 10-mm CPBT was used. 

Finally, various optimization curves were used to define a "base-
line" core for final evaluations (Fig. B.28). The baseline core is a 
67.4-L, two-element offset configuration, with 66-mm-thick fuel zones 
and a 50-mm gap between the fuel zones of the elements. "Modified base-
line" proposals are shown in Figs. B.29-B.34. These modifications 
include central hole radii of 95 and 112 mm, as opposed to a baseline 
radius of 103 mm, a 5-mm bypass between the outer fuel element and the 
CPBT, and a 7-mm-thick central support post, as opposed to a baseline of 
10 mm. Some of the "modified baseline" cores also include a 12.5-mm-
thick CPBT, corresponding to a design pressure (not operating inlet 
pressure) of 3.7 MPa. 

A summary table of the cases considered is attached, followed by 
the referenced figures. 
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Original cases: 
Fig. B.l. Case 1(130), two-element, aligned, 41-L, 130-mm gap. 
Fig. B.2. Case 2(130), two-element, oflset, 41-L, 130-mm gap. 
Fig. B.3. Case 3(138), three-element, offset, 41-L, 138-mm gap. 
Fig. B.4. Case 4(120), three-element, offset, 50-L, 120-mm gap. 
Fig. B.5. Case 5(144), three-element, offset, 60-L, 144-mm gap. 

Comparison cases with 50-mm gap: 
Fig. B.6. Case 12(50), two-element, aligned, 50-L, 50-mm gap. 
Fig. B.7. Case 2(50), two-element, offset, 41-L, 50-mm gap. 
Fig. B.8. Case 6(50), two-element, offset, 50-L, 50-mm gap. 
Fig. B.9. Case 7(50), two-element, offset, 60-L, 50-mm gap. 
Fig. B.10. Case 3(50), three-element, offset, 41-L, 50-mm gap. 
Fig. B.ll. Case 4(50), three-element, offset, 50-L, 50-mm gap. 
Fig. B.12. Case 5(50), three-element, offset, 60-L, 50-mm gap. 
Fig. B.13. Case 10(50), three-element, offset, 70-L, 50-mm gap. 

Comparison case with 130-mm gap: 

Fig. B.14. Case 7(130), two-element, offset, 60-L, 130-mm gap. 

Special cases: 

Fig. B.15. Case 8(50), two-element, offset, 50-Ls 50-mm gap, narrow 
elements. 

Fig. B.16. Case 9(50), three-element, offset, 60-L, 50-mm gap, inverted 
elements. 

Fig. B.17. Case 11(50), two-element, offset, 60-L, 50-mm gap, squat 
core. 

Fig. B.18. Case 13(50), two-element, offset, 50-L, 50-mm gap, 69.5-mm-
wide fuel. 

Cases with 66-mm-thick fuel elements: 
Fig. B.19. Case 14(50), two-element, offset, 50-L, 50-mm gap, 66-mm-

wide fuel. 
Fig. B.20. Case 14(150), two-element, offset, 50-L, 150-mm gap, 66-mm-

wide fuel. 
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Fig. B.21. Case 15(50), two-element, offset, 70-L, 50-mm gap, 66-mm-
wide fuel. 

Fig. B.22. Case 16(50), two-element, offset, 50-L, 100-mm gap, tapered 
central post. 

Comparisons to existing reactor configurations: 
Fig. B.23. ILL reactor core. 
Fig. B.24. HFIR reactor core (immersed in heavy water). 
Fig. B.25. HFIR fuel elements, arranged in two-element offset configu-

ration. 

Eighty liter cores: 
Fig. B.26. Case 17(50), two-element, offset, 80-L, 50-mm gap. 
Fig. B.27. Case 18(50), three-element, offset, 80-L, 500-mm gap, 

reduced pressure. 

Final iterations: 
Fig. B.28. Baseline, two-element, offset, 67.4-L, 50-mm gap, 66-mm-wide 

fuel. 
Fig. B.29. Modified baseline, 95-mm central hole. 
Fig. B.30. Modified baseline, 112-mm central hole. 
Fig. B.31. Modified baseline, 5-mm outer bypass. 
Fig. B.32. Modified baseline, 7-mm core support post. 
Fig. B.33. Modified baseline, 12.5-mm CPBT, 5-mm bypass. 
Fig. B.34. Modified baseline, 12.5-mm CPBT, 5-mm bypass, 7-mm core 

support post. 
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Fig. B.l. Case 1(130), two-element, aligned, 41-L, 130-mm gap. 
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Fig. B.2. Case 2(130), two-element, offset, 41-L, 130-mm gap. 



60 

1200 

I 
- DJbb -
1C* — 

170 m 
W » - I 

~r 
8 i 
a 
? 

- 2701 
277 i 

•2Ui 
' 220 • 

— HO in 
•— tO an -
2Vn 

220 m 

T a 
I 

ORNL-DWG 89-4643 ETD 

CASE 3 
4 1 LITER 3 ELEMENT ^ 

3 • 

g a 

S 
a 

s 
a 

B.3. Case 3(138), three-element, offset, 41-L, 138-mm gap. 



61 

j U 
T 

T g 

ORNL-DWG 89-4668 ETD 

A 3 ELDiENT 
J 120 rm GAP 
/ 
/ 
7 / 
/ 
/ 
/ 

/ 
/ 
/ / 

/ 
/ 

55 
I 

g I 

3 
I 

g I 

S£ • 

Fig. B.4. Case 4(120), three-element, offset, 50-L, 120-mm gap. 
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Fig. B.6. Case 12(50), two-element, aligned, 50-L, 50-mm gap. 
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Fig. B.7. Case 2(50), two-element, offset, 41-L, 50-mm gap. 
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Fig. B.8. Case 6(50), two-element, offset, 50-L, 50-mm gap. 
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P i g . B.13. Case 1 0 ( 5 0 ) , three-element, o f f s e t , 7 0 - L , 50-mm gap, 
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Fig. B.IO. Case 3(50), three-element, offset, 41-L, 50-mm gap. 
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Fig. B.ll. Case 4(50), three-element, offset, 50-L, 50-mm gap. 
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Fig. B.12. Case 5(50), three-element, offset, 60-L, 50-mm gap. 
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P i g . B . 1 3 . Case 10(50), three-element, o f f s e t , 7 0 - L , 50-mm gap, 
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inverted elements. 
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FJP 
1/4 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
458 PLATES 
84 mm SPAN 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
260 PLATES 
96 mm SPAN 

Fig. B.18. Case 
69.5-mm-wide fuel. 

13(50), two-element, offset, 50-L, 50-mm gap, 
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CASE 1 4 ( 5 0 ) 
2 ELEMENT 
50 L ITER 
66 mm WIDE 
50 mm GAP 

CORE PRESSURE 
BOUNDARY TUBE 

• 288 rm — 
— 272 nn -
— 259 nm 
— 252 rp 

B6 am • 
- 176 urn 

I 

103 irm 
h- 110» —i 
176 im 

ORNL-DWG 89-4668 ETD 

FJP 
V10 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

Fig. B.19. Case 14(50), two-element, offset, 50-L, 50-mm gap, 66-
mm-wide fuel. 
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CASE 1 4 ( 1 5 0 ) 
2 ELEMENT 
50 L ITER 
66 mm WIDE 
150 mm GAP 

CORE PRESSURE 
BOUNDARY TUBE 

ORNL-DWG 89-4668 ETD 

FJP 
1 / 1 0 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

Pig. B.20. Case 14(150), two-element, offset, 50-L, 150-mm gap, 
66-mm-wide fuel. 
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CASE 1 5 ( 5 0 ) 
2 ELEMENT 
7 0 L ITER 
66 mm WIDE 
50 mm GAP 

CORE PRESSURE 
BOUNDARY TUBE 

/ 
/ 
/ / 
• 
/ 
/ 
/ / 

/ 
/ 
/ 
/ / 

/ 
/ 
/ 
/ 

/ 
/ 
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/ 
/ 
/ 
/ 
/ 
/ 
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/ 
/ 
/ 
/ 

y 
/ / 

/ 
/ 
/ 
/ 

/ 
/ 
/ 
/ 

/ 
/ 
/ 
/ 

288 n 

- 272 wn 
- 259 b 
- 252 « 

16* 
- 176 M 

S 

U i D3HH 
— 1t) JB 
176 M 

ORNL-DWG 89-4667 ETD 
V 

FJP 
yt> 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

Fig. B.21. Case 15(50), two-element, offset, 70-L, 50-mm gap, 66-
mm-wide fuel. 
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CASE 16 
2 ELEMENT 
50 L ITER 
TAPERED POST 
100 m GAP 

CORE PRESSURE 
BOUNDARY TUBE 

ORNL DWG 89-4646 ETD 

FJP 
1/20 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(436 PLATES, 
84 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

F i g . B . 2 2 . Case 1 6 ( 5 0 ) , t w o - e l e m e n t , o f f s e t , 5 0 - L , 100-mm g a p , 
t a p e r e d c e n t r a l p o s t . 



ORNL-DWG 89-4663 ETD 

FJP 
8/8 

BORATED 
END CAP 

t 

SINGLE FUEL 
ELEMENT 
(280 PLATES, 
8 7 . 8 mm SPAN) 

OUTER SIDE 
PLATE AND 
PRESSURE 
BOUNDARY 

INNER SIDE 
PLATE 

ILL CORE 
1.27 mm PLATES, 
1.8 mm GAP 
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ORNL-DWG 89-4670 ETD 
FJP 

I 

J _ 

S bo 
I 

T « 
bo 
I 

• 1275 rm 
134.5 rrm 

=64.4 itn 
=71.4 mi 
- 142.9 rrm -
- 149.9mi — 
• 210.6 Jin 
• 217.6 irm 

INNER ELEMENT 
(171 PLATES, 
8 0 . 7 mm SPAN) 
OUTER ELEMENT 
(369 PLATES, 
7 3 . 3 mm SPAN) 

HFIR CORE 
1.27 mm PLATE 
1.27 mm GAP 

F i g . B . 2 4 . HFIR r e a c t o r c o r e ( immersed i n heavy w a t e r ) . 
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* 
u> 
I 

b> 
I 

217.6 did 

— 2 1 0 . 6 o n 

— 149.9 on — 
— 142.9 nm — 

S 
to 
I 

fa a 

29 

T 
a bo 
I 

ORNL DWG 89-4646 ETD 

FJP 
1/U 

OUTER ELEMENT 
(369 PLATES, 
7 3 . 3 inn SPAN) 

T ~ 
s 
t=> 
a 

INNER ELEMENT 
(171 PLATES, 
8 0 . 7 iwn SPAN) 

HFIR ELEMENTS 
IN OFFSET 

CONFIGURATION 
5 0 mm GAP 

r 
F i g . B . 2 5 . 

c o n f i g u r a t i o n . 

- W.5 an 
HFIR f u e l e l e m e n t s , a r r a n g e d i n t w o - e l e m e n t o f f s e t 
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CASE 17(50) 
2 ELEMENT 
80 LITER 
66 mm WIDE 
50 mm GAP 

CORE PRESSURE BOUNDARY TUBE 

/ 
/ 

/ • 
/ • 
/ 
/ 
/ 

/ s / 
/ 
/ 

/ 

J' / 
/ 
/ 
* 

<• 

/ 
* 

/ 
/• 

/ 
/ 
/ 
/ / 

y 
/ 
/ 
/ 

/ 

- 288 m 

- 272 m 
259 » • 

- 252 m 
8 6 m -

- (76 im 

-w -• 

KM im 
t—• It) iaa — 

176 m — 

ORNL-DWG 89-4672 ETD 

FJP 
1/25 

FUEL SIDE PLATE 
UPPER ELEMENT (448 PLATES, 82 mm SPAN) 

CORE SUPPORT 
POST 

LOWER ELEMENT (260 PLATES, 94 m SPAN) 

F i g . B . 2 6 . Case 1 7 ( 5 0 ) , t w o - e l e m e n t , o f f s e t , 8 0 - L , 50-mm gap . 
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• 290 m 
• t) «m 

- 103» 
f— I t " —I 

- 170 • 
fOm 

"T g 
a 

- U 
T 
a 
I 

- 2 V » 
• 2 2 0 m -

- 270 i 
• 277 • 

• H i 
CO • 

-2 t ) i 
- 220 a 

ORNL DWG 89-4646 ETD 
CASE 1 8 ( 5 0 ) FJP 
8 0 L ITER 1 ' 2 5 

3 ELEMENT 
50 wn GAP 
REDUCED PRESSURE 

if • 

• 

es 
a 

t/. • 

s 
a 

§ a 

F i g . B . 2 7 . Case 1 8 ( 5 0 ) , t h r e e - e l e m e n t , o f f s e t , 8 0 - L , 500-mm g a p , 
r e d u c e d p r e s s u r e . 
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BASELINE 
2 ELEMENT 
6 7 . 4 L ITER 
66 mm W(OF 

CORE PRESSURE 
BOUNDARY TUBE 

288 mn -
— 272 m -
— 259 wi • 
— 252 nri 

B6 an 
- 176 m 

V3 m 1 

b - 110 iw ' 

176 m 

ORNL DWG 89-4646 ETD 

FJP 
1/24 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 mil SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

F i g . B . 2 8 . B a s e l i n e , t w o - e l e m e n t , o f f s e t , 6 7 . 4 - L , 50-mm g a p , 66-
mm-wide f u e l . 
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MODIFIED 
BASELINE 
9 5 mm 
CENTRAL 
HOLE 

CORE PRESSURE 
BOUNDARY TUBE 

ORNL-DWG 89-4675 ETD 
V\ 

FJP 
1/24 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(428 PLATES, 
83 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(240 PLATES, 
97 mm SPAN) 

F i g . B . 2 9 . M o d i f i e d b a s e l i n e , 95-mm c e n t r a l h o l e . 
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MODIFIED 
BASELINE 
112 m 

CENTRAL 
HOLE 

CORE PRESSURE 
BOUNDARY TUBE 

• 297 mi 

— 281sb 
— 268 mi 
— 261 mm 
• ffia • 

B5m 

— 1121 

I — 18 • 

ORNL DWG 89-4646 ETD 

FJP 
1/24 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(470 PLATES, 
81 mm SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(282 PLATES, 
92 mm SPAN) 

F i g . B . 3 0 . M o d i f i e d b a s e l i n e , 112-mm c e n t r a l h o l e . 
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MODIFIED 
BASELINE 
5 mm 
BYPASS 

CORE PRESSURE 
BOUNDARY TUBE 

ORNL DWG 89-4646 ETD 

FJP 
V24 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 ran SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 rim SPAN) 

F i g . B . 3 1 . M o d i f i e d b a s e l i n e , 5-mm o u t e r b y p a s s . 
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MODIFIED 
BASELINE 
7 mm POST 

CORE PRESSURE 
BOUNDARY TUBE 

ORNL DWG 89-4646 ETD 

FJP 
V24 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(440 PLATES, 
82 nn SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 mm SPAN) 

F i g . B . 3 2 . M o d i f i e d b a s e l i n e , 7-mm c o r e s u p p o r t p o s t . 



90 

MODIFIED 
BASELINE 
1 2 . 5 mm 
CPBT, 
5 mm 
BYPASS 
( 3 . 7 MPa) 

CORE PRESSURE 
BOUNDARY TUBE 

276.5 m 
— 264 » 
— 259 » 
— 252 » 

V6m 
- 176 • 

ORNL DWG 89-4646 ETD 

FJP 
1/24 

( - 1® • - 1 

— 176a -

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(448 PLATES, 
82 m SPAN) 

CORE 
SUPPORT 
POST 

LOWER 
ELEMENT 
(260 PLATES, 
94 m SPAN) 

F i g . B . 3 3 . M o d i f i e d b a s e l i n e , 12.5-mm CPBT, 5-nun b y p a s s . 



MODIFIED 
BASELINE 
7 mm POST, 
1 2 . 5 mm 

CPBT, 
5 mm 
BYPASS 

CORE PRESSURE 
BOUNDARY TUBE 
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ORNL-DWG 89-4663 ETD 

FJP 
1/25 

FUEL SIDE 
PLATE 

UPPER 
ELEMENT 
(440 PLATES, 
82 rim SPAN) 

CORE 
SUPPORT 
POST 

LOWER' 
ELEMENT 
(260 PLATES, 
94 m SPAN) 

F i g . B.3A. 
s u p p o r t p o s t . 

M o d i f i e d b a s e l i n e , 12.5-ram CPBT, 5-mm b y p a s s , 7-mm c o r e 
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Appendix C 

IBL CALCULATIONS 

The f o l l o w i n g summar izes t h e method u s e d t o c a l c u l a t e t h e 

i n c i p i e n t - b o i l i n g power l e v e l s of t h e v a r i o u s c o r e s . The t h e r m a l -

h y d r a u l i c g round r u l e s a d o p t e d by t h e PS-2 Commit tee i n Octobe** 1988 and 

u s e d t h r o u g h J a n u a r y 1989 c o r r e s p o n d e d t o t h e s e i n i t i a l f a c t o r s : 

a . (6 „,.„ 1 . 1 4 3 mm (10.OX l e s s t h a n n o m i n a l ) . 
c n c , a v g 

b . ( v h c H = >54 m/s (6.9% l e s s t h a n n o m i n a l ) . 

c . The n u c l e a r h o t s t r e a k f a c t o r of 1 . 3 combined w i t h m u l t i p l i e d e n g i -

n e e r i n g u n c e r t a i n t y f a c t o r s f o r t h e h o t s t r e a k g a v e ( d t ^ ^ x = 

1 . 9 5 0 8 ( d t b ) f l V g . 

d . The n u c l e a r h o t s p o t f a c t o r of 1 . 7 combined w i t h m u l t i p l i e d e n g i -

n e e r i n g u n c e r t a i n t y f a c t o r s f o r t h e h o t s p o t gave <t>max
 = 2 . 4 8 0 • ^ g * 

e . C o o l a n t p h y s i c a l p r o p e r t i e s a r e t h o s e of D z 0 . 

The c a l c u l a t i o n i s i t e r a t i v e and c o n s i s t s of t h e s e s t e p s : 

1 . For e a c h f u e l e l e m e n t , c a l c u l a t e t h e a c t i v e volume = ( A
x ) c o r e 

t h e a c t i v e s u r f a c e a r e a A„ = ( V o l ) (A / V o l ) , and t h e c r o s s -» s 
s e c t i o n a l f l o w a r e a A x f = ( A

x ) c o r e / 2 . 

2 . Choose one f u e l e l e m e n t f o r t h e c o m p u t a t i o n s t o f o l l o w . 

3 Assume a c o r e t h e r m a l power ( q ) . 

4 . R e f e r e n c e e l e m e n t q = c o r e of ( e l e m e n t v o l . / c o r e v o l . ) . 
5 - " c o r e = PL

 Axf V 
6 * < d t b ) a v g = A / w 

7 « ( t b , o > a v g - t b f i + < d t b > a v g = W ' C • < d t b ) a v g . 
8 - ^avg = ^ V 

9 . = 2 . 4 8 0 <t> max avg 
1 0 - < t b , o > « « f h . t " * 9 ' 5 ° C + 1 ' 9 5 0 8 ( d t b ) a v g « 
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11 . C a l c u l a t e h n o m , w i t h t h e Pe tukhov c o r r e l a t i o n , a t t b = ^ b j O ^ m a * . * 

12- h d e s = ° ' 9 4 h nom' 
1 3 - < A t

b ) l >max - W W 

4> 6 
14 . ( A t o x ) m a x = . [Taken a s z e r o a t BOC.] 

ox 

15. (At . = V *CUd . 
c l a d max k , , 

c l a d 

• 6 f 1 16 . ( A t f j ) ^ = . — v . [ V o l u m e t r i c h e a t g e n e r a t i o n . ] u e f u e l min 

1 7 ' ( t f u e l > m a x = ^ b , o > m a x + <Ac
b«,>max + 

+ (At . , ) + (At, . , ) c l a d max f u e l max 

1 8 . I f ( t £ u e l ) m a x [ s t e p 17] i s <400°C, c o n t i n u e ; i f >400°C, t h e h o t 

p l a t e i s t e m p e r a t u r e , n o t i n c i p i e n t b o i l i n g , l i m i t e d . 

19 . AP = ( P , - P ) - . „ . c o r e 1 a c o r e 

2 0 . P - K = (P = P- - AP - (AP ). . l b o he i c o r e o h e 

2 1 . Look up t g a c a t P i b . 

2 2 ' ( A t s u b , o ) m i n = fcsat ~ ^ b ^ m a x * 

2 3 . C a l c u l a t e <t>-. = h . c [At . + (At . ) . ] : h . d e s s a t s u b , o min 1 0 

<ff 

O p t i o n a l a d d i t i o n t o s t e p 11: 

The d i m e n s i o n l e s s Pe tukhov c o r r e l a t i o n f o r t u r b u l e n t f l o w i s 

( f / 8 ) R e . Pr . ( u . / y ) ° - i » [ l + 1 / 3 ( D / L ) 2 / 3 ] 
(Mu.) = b b b w 

b x 
( 1 + 3 . 4 f ) + ^11 .7 • ( £ / 8 ) » / a ( P r ^ / 3 - 1) 

i n wh ich f = [ 1 . 8 2 l o g Refe - 1 . 6 4 ] " 2 . 
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2 4 . C a l c u l a t e t h e i n c i p i e n t - b o i l i n g l o c u s v a l u e f r o m t h e c o r r e l a t i o n of 

B e r g l e s and Rohsenow: 

<4>ibh = 15• 29 P i . i s e (^ j -gg j . )2 .30 /p0 ,023 1 ( , 

i n which t h e l e a d c o e f f i c i e n t of 1 5 . 6 f o r H2O h a s been r e d u c e d by 

21 by W. R. Gambi l l based on t w o - p o i n t c a l c u l a t i o n s f o r D z 0 . 

2 5 . S i m u l t a n e o u s l y s o l v e t h e e q u a t i o n s f rom s t e p s 23 and 2 4 ; t h i s g i v e s 

s a t i b T i b 

2 6 . C a l c u l a t e 41 i f t h i s r a t i o i s w i t h i n +0.8% of u n i t y ( t y p i -max l b - 7 j r 
c a l l y w i t h i n +0.3% f o r t h e s e c o r e c a s e s ) , t h e power assumed i n s t e p 

3 i s t a k e n a s t h e i b power . I f n o t , r e i t e r a t e f r o m s t e p 3 . The 

t y p i c a l number of t r i a l s was t h r e e . 
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N o t a t i o n f o r A p p e n d i x C 

A a r e a 

CP c o o l a n t h e a t c a p a c i t y 

d t b i n c r e a s e of t ^ 

h h e a t t r a n s f e r c o e f f i c i e n t 

k t h e r m a l c o n d u c t i v i t y 

L l e n g t h 

P p r e s s u r e 

AP p r e s s u r e change 

q t h e r m a l power 

L b b u l k c o o l a n t t e m p e r a t u r e 

t s a t c o o l a n t s a t u r a t i o n t e m p e r a t u r e 

At t e m p e r a t u r e d i f f e r e n c e 
A t . s a t s u r f a c e s u p e r h e a t 
A t u s u b c o o l a n t s u b c o o l i n g 

V v e l o c i t y of c o o l a n t 

W w e i g h t f l o w r a t e of c o o l a n t 

& t h i c k n e s s , gap 

A d i f f e r e n c e 

P 

4> 

c o o l a n t d e n s i t y 

s u r f a c e h e a t f l u x 

S u b s c r i p t s 

bS, b o u n d a r y l a y e r 

c c o o l a n t 

d e s d e s i g n 

f f l o w 

h h e a t e d 

he h o t c h a n n e l 

h s t h o t s t r e a k 

i f l o w i n l e t 

i b i n c i p i e n t b o i l i n g 

2. l o c u s 



9 7 / 7 ? 

nom nomina l 

o f l o w o u t l e t 

ox o x i d e 

s s u r f a c e 

x c r o s s s e c t i o n a l 
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Appendix D 

NEUTROMICS PARAMETERS OP VARIOUS ALTERNATIVE OFFSET UNGRADED CORE 
DESIGNS AT BOC 
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F i g u r e 
N o . a 

R. T . Primm 
I D 

N o . b 

F u e l e d 
vo1ume 

( L ) 

Number 
o f 

e l e m e n t s 

Fue led 
l e n g t h 

(mm) 

23SU 
l o a d i n g 

( k g ) 

R e a c -
t i v i t y 

Rende-
ment 
(m" 2 ) 

B. 7 2 ( 5 0 ) 41 2 310 22 1 . 2 5 2 3 . 2 8 7 
B . 1 0 3 ( 5 0 ) 41 3 208 22 1 . 2 4 8 2 . 9 2 4 
B . 11 4 ( 5 0 ) 50 3 254 22 1 . 2 7 3 2 . 7 5 7 
B . 1 2 5 ( 5 0 ) 60 3 304 22 1 . 2 8 1 2 . 5 9 8 
B . 8 6 ( 5 0 ) 50 2 379 22 1 . 2 7 3 3 . 0 8 2 
B . 8 6 ( 5 0 ) 50 2 379 1 9 . 5 1 . 2 6 2 3 . 1 3 9 
B , 9 7 ( 5 0 ) 60 2 455 22 1 . 2 9 2 2 . 8 8 7 

8 50 2 455 22 1 .2C6 3 . 0 4 5 
B. 16 9 ( 5 0 ) 60 3 304 22 1 . 2 8 8 2 . 5 4 4 
B. 13 10 ( 5 0 ) 70 3 354 22 1 . 2 9 1 2 . 4 6 5 
R . 17 11 ( 5 0 ) 60 2 200 28 1 . 2 6 4 2 . 6 0 0 
B. 18 13 ( 5 0 ) 50 2 310 22 1 . 2 5 9 3 . 0 7 1 
B. 19 14 ( 5 0 ) 50 2 33J 22 1 . 2 5 2 3 . 0 6 4 
B . 2 1 15 ( 5 0 ) 70 2 466 22 1 . 2 8 9 2 . 7 3 3 
B . 2 8 B a s e l i n e 6 7 . 4 2 449 22 1 . 2 8 5 2 . 7 7 0 
B . 3 3 B a s e l i n e c 6 7 . 4 2 449 22 1 . 3 1 7 2 . 8 2 6 
B . 3 3 B a s e l i n e 0 6 7 . 4 2 449 1 7 . 5 1 . 2 9 5 2 . 9 2 7 

M i l e s t o n e 6 6 . 5 2 467 1 6 . 3 d 1 . 2 9 5 e 3 . 0 3 4 
M i l e s t o n e 6 6 . 5 2 467 1 4 . 5 1 . 2 8 3 3 . 0 8 8 
FPCDf 6 7 . 4 2 474 1 4 . 9 1 . 2 8 7 ® 3 . 0 5 8 ' ' 

B . 2 2 ( 1 3 0 ) 4 1 2 310 22 1 . 2 4 7 3 . 1 9 5 
B . 3 3 ( 1 1 8 ) J 4 1 3 208 22 1 . 2 3 9 2 . 7 5 5 
B . 5 5 (124)-*' 60 3 304 22 1 . 2 6 8 2 . 4 8 5 
B. 14 7 ( 1 3 0 ) 60 2 455 22 1 . 2 8 3 2 . 8 2 7 

14 ( 1 5 0 ) 50 2 333 22 1 . 2 4 1 1 . 2 8 3 

B .6 12 50 2 * 526 22 1 . 2 5 8 3 . 3 7 5 
B . l 1 < ( 1 5 0 ) 4 1 zk 4 3 1 22 1 . 2 5 4 3 . 4 2 3 

a A p p e n d i x B. 

^Number i n p a r e n t h e s e s i s the plenum t h i c k n e s s (mm) be tween t h e 
f u e l e d r e g i o n s of t h e e l e m e n t s . 

c M o d i f i e d b a s e l i n e d e s i g n w i t h CPBT t h i c k n e s s reduced t o 1 2 . 5 mm 
and s u p p o r t post t h i c k n e s s reduced to 7 mm. The f i g u r e i n A p p e n d i x B 
shows a f u e l e d l e n g t h of 453 mm, but Lhe n e u t r o n i c s c a l c u l a t i o n s assumed 
a l e n g t h o f 449 mm. 

d V a l u e a t 14 d i n t o t h e 3 5 0 - M W U ) c y c l e = 1 . 0 8 4 . 
e V a l u e a t 14 d i n t o t h e 3 5 0 - M W ( f ) c y c l e = 3 . 1 3 0 . 

^ F i n a l p r e c o n c e p t u a l c o r e d e s i g n . 
9Value a t 14 d i n t o t h e 3 5 0 - M W ( f ) c y c l e = 1 . 0 6 2 . 
h V a l u e a t 14 d i n t o t h e 3 5 0 - M W ( f ) c y c l e = 3 . 1 7 7 . 

" 'A l though d e s i g n a t e d 3 ( 1 1 8 ) , Lhe plenum t h i c k n e s s be tween f u e l e d 
r e g i o n s was p r o b a b l y 138 mm ( i n which case t h e plenum r e g i o n between t h e 
ends o f t h e a luminum f u e l p l a t e s would be 118 mm). 

^ A l t h o u g h d e s i g n a t e d 5 ( 1 2 4 ) , the plenum t h i c k n e s s between f u e l e d 
r e g i o n s was p r o b a b l y 144 mm ( i n which case t h e plenum r e g i o n between t h e 
ends o f t h e a luminum f u e l p l a t e s would be 124 mm). 

A I n l i n e . 
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Appendix E 

CONFIRMATION OF RENDEMENT VS EFFECTIVE HEIGHT CORRELATION 
FOR THREE-ELEMENT CORES 

The t h r e e - e l e m e n t c o r e d a t a i n T a b l e 4 of t h e main t e x t were l a t e r 

amended and e x t e n d e d t o c o v e r a w i d e r r a n g e of c o r e v o l u m e s . The 

e x t e n d e d d a t a s e t i s shown i n T a b l e E . l b e l o w . 

T h e s e p o i n t s a r e p l o t t e d , a l o n g w i t h a l e a s t - s q u a r e s f i t s t r a i g h t 

l i n e i n F i g . E . l . The e q u a t i o n of t h e l i n e ( a s d e t e r m i n e d by t h e 

TK SOLVER l i n e a r r e g r e s s i o n r o u t i n e ) i s 

r e n d e m e n t = 3 . 4 1 - 0 . 0 0 0 6 4 x h e a t e d l e n g t h p e r e l e m e n t , 

and t h e c o r r e l a t i o n c o e f f i c i e n t i s 0 . 9 8 1 . Over t h e r a n g e of i n t e r e s t , 

( h e a t e d l e n g t h s f rom a b o u t 300 t o tiOO mm) t h e v a l u e s c a l c u l a t e d f r o m t h e 

e q u a t i o n d i f f e r by <0.25% f r o m t h e v a l u e s c a l c u l a t e d f r o m t h e f o r m u l a , 

u s e d by t h e PS-2 Commi t t ee , o b t a i n e d f rom t h e t h r e e d a t a p o i n t s shown i n 

T a b l e 3 of t h e main t e x t . 

T a b l e E . l . E f f e c t i v e c o r e h e i g h t and c o r r e c t e d r e n d e m e n t 
( a d j u s t e d t o It « = 1 . 2 5 ) f o r t h r e e - e l e m e n t c o r e s 

w i t h 22 -kg f u e l l o a d i n g 

F u e l e d 
volume 

( L ) 

Plenum 
gap 
(mm) 

Hea ted 
l e n g t h 

(mm) 

E f f e c -
t i v e 

h e i g h t 
(mm) 

K e f f 
Rende-

ment 
(m-2) 

C o r r e c t e d 3 

r e n d e m e n t 
( m - 2 ) 

F i g u r e 
N o . b 

41 50 208 774 1 .248 2 . 9 2 4 2 . 9 1 B. 10 

41 138 208 1038 1 . 2 3 9 2 . 7 5 5 2 . 7 0 B . 3 

50 50 254 912 1 . 2 7 3 2 . 7 5 7 2 . 8 6 B. 11 

60 50 304 1062 1 . 2 8 1 2 . 5 9 8 2 . 7 3 B. 12 

60 144 304 1344 1 . 2 6 8 2 . 4 8 5 2 . 5 6 B .5 

70 50 354 1212 1 . 2 9 1 2 . 4 6 5 2 . 6 3 B. 13 

C o r r e c t e d K e f f = 1 . 2 5 . 

^Append ix B. 
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ORNL DWG 89-4646 ETD 

200 400 600 800 1000 
EFFECTIVE HEIGHT (mm) 

1200 1400 

F i g . E . l . C o r r e c t e d r endemen t s vs e f f e c t i v e h e i g h t f o r t h r e e -
e l e m e n t c o r e s w i t h 22-kg f u e l c l a d d i n g . 
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Appendix P 

OXIDE FORMATION 

I t i s known t h a t u n d e r h i g h h e a t f l u x c o n d i t i o n s , a l a y e r of low 

t h e r m a l c o n d u c t i v i t y b o e h m i t e ( h y d r a t e d aluminum o x i d e ) f o r m s on t h e 

c l a d d i n g of w a t e r - c o o l e d , a l u m i n u m - f u e l e d r e a c t o r s . The phenomenon was 

s t u d i e d d u r i n g d e s i g n of t h e HFIR, and a c o r r e l a t i o n be tween w a t e r 

i n t e r f a c e t e m p e r a t u r e and o x i d e g rowth r a t e was d e r i v e d by G r e i s s 1 on 

t h e b a s i s of o u t - o f - p i l e t e s t s . The G r e i s s c o r r e l a t i o n d i d n o t i n c l u d e 

h e a t f l u x a s a v a r i a b l e , e x c e p t i n d i r e c t l y t h r o u g h i t s e f f e c t on s u r f a c e 

t e m p e r a t u r e . Ano the r c o r r e l a t i o n , f rom u n p u b l i s h e d Savannah R i v e r P l a n t 

d a t a , d i d i n c l u d e h e a t f l u x . 2 Recent a n a l y s i s by INEL of e x p e r i m e n t a l 

d a t a f r o m t h e ATR showed o x i d e t h i c k n e s s e s i n t h e r a n g e of o n e - t h i r d t o 

o n e - h a l f t h a t p r e d i c t e d by t h e G r e i s s c o r r e l a t i o n . S t i l l more r e c e n t l y , 

r e s u l t s f r o m o u t - o f - p i l e e x p e r i m e n t s on t h e ANS c o r r o s i o n l o o p a t ORNL, 

u n d e r h i g h e r h e a t f l u x c o n d i t i o n s t h a n p r e v i o u s l y e x p l o r e d , showed o x i d e 

t h i c k n e s s e s of a s l i t t l e a s o n e - t h i r d , o r a s much a s t h r e e t i m e s t h e 

v a l u e p r e d i c t e d by t h e G r i e s s c o r r e l a t i o n , d e p e n d i n g upon w a t e r chem-

i s t r y . The ANS t e s t s and ATR d a t a a l s o i n d i c a t e d 3 t h a t a f t e r some t i m e 

t h e o x i d e l a y e r s p a l l s o f f , so t h a t t h e t e m p e r a t u r e r i s e a c r o s s t h e 

o x i d e , due t o t h e h e a t f l u x , d i d n o t exceed ~140°C; h o w e v e r , a f t e r 

s p a l l a t i o n v o i d s o r i m p u r i t i e s i n t h e aluminum s u b s t r a t e r e d u c e t h e 

e f f e c t i v e t h e r m a l c o n d u c t i v i t y of t h e c l a d and may u n a c c e p t a b l y i m p a i r 

i t s i n t e g r i t y . 

C l e a r l y , t h e r e i s much t o be l e a r n e d a b o u t t h e o x i d e g r o w t h 

phenomenon b e f o r e i t s l i m i t i n g e f f e c t s on f u e l p l a t e h e a t f l u x c a n be 

d e f i n e d a c c u r a t e l y . However , enough i s known t o show t h a t i t may be a 

l i m i t i n g i s s u e . 

T a b l e F . l shows c l e a r l y t h a t o x i d e g rowth may be a l i m i t i n g e f f e c t , 

e s p e c i a l l y i f some of t h e h i g h o x i d e g r o w t h r a t e s o b s e r v e d so f a r i n t h e 

ANS c o r r o s i o n l o o p a r e i n d e e d t y p i c a l . The d a t a were f e l t t o be n o t y e t 

c o n c l u s i v e , t h e f u l l r a n g e of o p e r a t i n g c o n d i t i o n s h a v i n g n o t y e t b e e n 

c o v e r e d i n t h e e x p e r i m e n t a l t e s t s . 
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T a b l e F . l . Oxide e f f e c t s 

Core 
f i g u r e 

No. 

Core 
volume 

(L) 

I n c i p i e n t 
b o i l i n g 

1 i m i t 
(MW) 

Oxide 
t h i c k n e s s 

c o r r e l a t i o n 
used 

EOC f u e l 
c e n t e r l i n e 

t e m p e r a t u r e 
l i m i t 
(MW) 

Time f o r 
o x i d e AT 
t o r e a c h 

140°C 
( d ) 

7 41 276 G r i e s s * 3 a 203 15 

41 276 H x ( G r i e s s * 3 ) b 229 20 

41 276 M o d i f i e d G r i e s s c 195 1 

41 276 h x m o d i f i e d 
G r i e s s 

151 14 

8 50 310 G r i e s s f 3 238 15 

50 310 M o d i f i e d G r i e s s 230 1 

50 310 h x m o d i f i e d 
G r i e s s 

178 14 

21 70 387 G r i e s s * 3 316 20 

70 387 H x ( G r i e s s i 3 ) 356 15 

70 387 M o d i f i e d G r i e s s 307 1 

70 387 % x ( m o d i f i e d 
G r i e s s ) 

240 14 

13 70 444 G r i e s s ? 3 339 15 

70 444 M o d i f i e d G r i e s s 325 1 

a T h e l o w e s t g rowth r a t e o b s e r v e d i n t h e ANS c o r r o s i o n l o o p , u n d e r 
low pH c o n d i t i o n s . 

The f a c t o r of % i n t h i s , and s i m i l a r c a s e s , a c c o u n t s f o r t h e f a c t 
t h a t t h e p o i n t of maximum power d e n s i t y ( w h e r e t h e o x i d e g r o w t h r a t e i s 
h i g h e s t ) moves d u r i n g t h e c y c l e . 

CA m o d i f i e d f o r m of t h e G r i e s s c o r r e l a t i o n , i n c l u d i n g h e a t f l u x a s 
a v a r i a b l e , d e v e l o p e d by W. R. Gambi l l t o f i t h i s t o r i c a l d a t a and t h e 
ANS c o r r o s i o n l o o p d a t a . 

However , t h e i s s u e i s a s e r i o u s o n e , and so t h e PS-2 Commit tee d i s -

c u s s e d , and e v e n t u a l l y l i s t e d , means by which t h e o x i d e g r o w t h e f f e c t s 

m i g h t be m i t i g a t e d . I t was l o n g known, f o r e x a m p l e , t h a t t h e p r e d i c t e d 

o x i d e g r o w t h i s exLcemely d e p e n d e n t on t h e w a t e r t e m p e r a t u r e i n t h e h o t 

s p o t r e g i o n ( e . g . , i n one c a s e a 15% d e c r e a s e i n t h e t e m p e r a t u r e r i s e of 

t h e c o o l a n t w a t e r be tween i n l e t and h o t s p o t r e d u c e d t h e c a l c u l a t e d 

o x i d e t h i c k n e s s by a f a c t o r of 2 ( T a b l e F . 2 ) , t h u s p r o v i d i n g s e v e r a l 
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T a b l e F .2 Oxide g rowth r a t e f o r t h e PS-2 f i n a l p r e c o n c e p t u a l 
c o r e / m o d i f i e d G r i e s s 

Power 
(MW) 

Hot s t r e a k 
t e m p e r a t u r e 

( °C) 

Hot s p o t 
t e m p e r a t u r e 

( °C) 

Hot s p o t 
h e a t f l u x 

(MW/m2) 

Oxide f a i l u r e 
t h i c k n e s s 

( m i l ) 

250 102 188 1 1 . 3 8 0 . 4 8 

300 112 213 13 .66 1 . 0 4 

350 122 240 15 .94 2 . 0 

p o s s i b i l i t i e s f o r s i g n i f i c a n t l y r e d u c i n g o x i d e g r o w t h . The f o l l o w i n g 

p o s s i b l e improvements t o t h e o x i d e growth c a l c u l a t i o n s and s e v e r a l 

p o s s i b i l i t i e s f o r r e d u c i n g o x i d e g rowth were d i s c u s s e d by t h e PS-2 Com-

m i t t e e . 

P . l MORE COMPLETE (LESS CONSERVATIVE) CALCULATIONS OF OXIDE EFFECTS 

• C o r r e c t l y a l l o w f o r t h e moving hot s p o t : 

— Because t h e h o t s p o t moves , i t i s n o t p o s s i b l e f o r t h e power 

peak t o c o i n c i d e w i t h t h e p o i n t of w o r s t - c a s e f u e l l o a d i n g 

e x c e p t m o m e n t a r i l y . 

— Movement of t h e c o n t r o l r o d s d u r i n g t h e c y c l e w i l l c a u s e t h e h o t 

s p o t t o move. 

— Loca l f u e l c o n c e n t r a t i o n s t end t o burn o u t more r a p i d l y t h a n 

a v e r a g e f u e l r e g i o n s . 

• C o r r e c t l y a l l o w f o r s t a t i s t i c a l c o m b i n a t i o n of u n c e r t a i n t i e s i n h o t 

s p o t f a c t o r s , e t c . 

• C o r r e c t l y a l l o w f o r t h e f a c t t h a t t h e n u c l e a r h o t s p o t i s u s u a l l y 

c l o s e t o t h e r e g i o n where t h e f u e l meat i s t h i n n e s t , and t h e r e f o r e 

t h e t h e r m a l c o n d u c t a n c e a c r o s s t h e f u e l p l a t e i s h i g h e s t . 

F . 2 DESIGN AND SPECIFICATION CHANGES 

• Reduce i n l e t t e m p e r a t u r e ( e . g . , b i g g e r , more e x p e n s i v e c o o l i n g 

t o w e r s and h e a t e x c h a n g e r s ) o r use r i v e r w a t e r a s t h e h e a t s i n k . 
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• Improve QA on t h e p l a t e s and e l e m e n t s so t h a t t h e w o r s t - c a s e d e v i a -

t i o n s i n c o o l a n t gap and l o c a l f u e l c o n c e n t r a t i o n s a r e r e d u c e d and 

t h e h o t s p o t f a c t o r i s r e d u c e d . 

• I n c r e a s e t h e c o o l a n t v e l o c i t y . 

F . 3 NEUTRONIC DESIGN CHANGES 

• Take a d v a n t a g e of t h e l a r g e r c o r e s t o r e d u c e t h e v o l u m e t r i c l o a d i n g 

of t h e f u e l and t h e r e b y i n c r e a s e f u e l meat c o n d u c t i v i t y . 

— Al so c o n s i d e r r e d u c i n g f u e l e n r i c h m e n t , wh ich would p e r m i t more 

a c c u r a t e f u e l g r a d i n g . 

• D e s i g n t h e two e l e m e n t s d i f f e r e n t l y so t h a t , f o r e x a m p l e , t h e l o w e r 

o n e ( w i t h t h e h o t s p o t n e a r t h e i n l e t ) h a s a l a r g e r s h a r e of t h e 

power t h a n t h e u p p e r one ( w i t h t h e h o t s p o t n e a r t h e o u t l e t ) . 

• O p t i m i z e t h e f u e l g r a d i n g so t h a t i n t e g r a t e d o x i d e g r o w t h o v e r t h e 

c y c l e i s m i n i m i z e d . 

— We c u r r e n t l y o p t i m i z e f o r minimum p e a k / a v e r a g e n u c l e a r power 

d e n s i t y r a t i o , which i s n o t q u i t e t h e same t h i n g ( e . g . , we migh t 

{,i/ade t h e f u e l so t h a t t h e peak i s c l o s e t o t h e c o r e i n l e t s , n o t 

c l o s e t o an o u t l e t ) . 

F . 4 ENHANCEMENT R&D POSSIBILITIES 

• Improve o u r knowledge of t h e e x p e c t e d o x i d e g r o w t h r a t e and 

b e h a v i o r : 

— Most e x i s t i n g ANS l o o p m e a s u r e m e n t s , a t t i m e of t h e PS-2 commi t -

t e e ' s work , have been made a t h i g h e r a v e r a g e power d e n s i t i e s and 

h i g h e r b u l k w a t e r t e m p e r a t u r e t h a n we e x p e c t i n t h e new r e f e r -

e n c e c o r e . 

• I n c r e a s e t h e s u r f a c e a r e a i n t h e c o r e [ e . g . , d e c r e a s e c o o l a n t gap 

a n d / o r p l a t e t h i c k n e s s (by - 0 . 1 mm o r l e s s ) ] : 

— E a r l i e r ANS c a l c u l a t i o n s showed t h a t an 8 t o 20% improvement i n 

t h e r m a l m a r g i n s migh t be a c h i e v e d t h i s way. 

• A l l p r e v i o u s s u g g e s t i o n s c o u l d be r e c o n s i d e r e d and i n v e s t i g a t e d 

s u c h a s d i f f e r e n t w a t e r c h e m i s t r y , s u r f a c e t r e a t m e n t , d i f f e r e n t 

c l a d d i n g a l l o y , e t c . 
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