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ABSTRACT

This report presents the methods and results of the theoretical
analysis of the nuclear properties of Mi-1A Cores 2 and 3. Tha
basic physical parameters are obtained by use of two cross-section
codes, LEOPARD and LEOPROD, an X-Y geometry depletion code TURBO*,
plus 2 Z-axial calculation using the CNCR-2 code together with the
HOMOGC and PEAK processor codes. The theory, results, and input de-
taiis of the LECPROD blackness theory code giving absorber region
constants are counsidered in some detail.
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I. INTRODUCTION

A. Reactor and Power Plant Description

The MH-1A nuclear power plant is installed in a flecating mount
comprising a Liberty Ship hull, modified by the addition of a new
mid-body. All of the original propulsion equipment has been removed,
and the nuclear reactor and associated equipment have been located
in the new mid-body. The Liberty Ship so modified has been named
the "STURGIS".

The nuclear system is built around a 45-megawatt-thermal pres-
surized water reactor. The nuclear core utilizes low-enriched pellets
of uranium dioxide in tubular fuel elements, boron steel control rods,
and a single pass coolant flow.

The single reactor primary coolant loop and all associated
equipment is housed in a containment vessel. Two canned rotor main
coolant pumps mounted in parallel are required for reactor loop
operation. The system pressurizer utilizes an electric heater and
water quench system for maintaining proper pressure during operation.
A vertical U tube steam generator is used to supply steam to the main
turbine.

The electrical generating system generates the electricity required
for plant operation as well as the 10 mw for external disiribution.
Either 50 or 60 cycle alternating current can be supplied (the 50-cps
operation allows a maximum net output of 8.05 mw).

The power harge is operated by an all military crew of 68 men.

B. Facility Location

The MH-1A Floating Nuclear Power Plant (STURGIS) is designed to
serve the United States Army .3 mobile source of power at any site
accessible by waterways.

The STURGIS is presently moored in the northwest corner of Gatun
Lake, approximately 1000 meters southwest of the city of Gatun,
Panama Canal Zone, and approximately 250 meters northeast of the
Gatun Hydroelectric Dam. The city of Gatun i{s located near the north-
west (Caribbean) end of the Canal Zone.
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C. The Analysis

This study presents the analysis performed to determine the
behavior of Mi-1A Core 2 and Core 3 (the second shuffle core).

The depletion study of the Mi-1A shuffled core (the second core
for this reactor) was performed using the TURBO* two-dimensional
program. The cross-sections required for TURBO* (with the exception
of control rod parameters) were obtained from the LEOPARD zero-
dimensional code. An in-house modification of LEOPARD (named LEOPROD)
was developed to calculate ccnrtrol rod constants based on blackness
theory, and its output was used to provide the remaining input to
TURBO*,




I1. BACKGROUND

The MH-1A teactor is a pressurized light water cooled and moderated
type utilizing stainless steel clad, low-enriched U0Z fuel pellets.
The core contains 32 fuel assemblies and 12 control rods, and is
assembled to approximately a right circular cylinder with a fueled
height of 36 inches and an equivalent diameter of 45.2 inches. The
reactor is shown in Figure 1I-1, and the core arrangement in Figure
I1-2.

A. Type I Fuel Elements

The MH-1A reactor is fueled with low-enriched uranium dioxide
incorporated into fuel elements. Each fucl assembly is made up of
104 fuel pins, each 39 inches long by 0.507 inch in diameter. The
pins are formed of annealed tubes fabricated from type 348 stainless
steel. These tubes are filled for 36 inches of their lengtn with
pellets made of uranium dioxide enriched to 4.65 weight percent in
U-235. The tubes are filled with an inert atmosphere of helium.

The fuel loading is comprised of 32 of these fuel assemblies
(designated as MH-1A Type I fuel elements) arranged in a2 square
6 x 6 array with corner elements missing. Two radial fuel zones are
used with a refueling scheme empioying fuel shuffling, both to in-
crease fuel burnup and to improve core power distribution.

B. Refueling and rFuel Shuffling in MH-1A Type I Core

The outer 16 elements of the core are enriched to 4.65 percent
in U-235 and the original inner elements were enriched to 4.07 per-
cent in U-235. At the end of life of the original core (designated
Core 1), the inner 16 elements were removed, the outer 16 elements
were moved into the center, and 16 new elements enriched to 4.65
percent were added to the core outer region. This first shuffle
core is designated Core 2. Subsequent shuffle cores are numbered
sequentially.

C. Type I and Modified Type I Control Rods

There are 12 control rods, cruciform in cross section, which are
used to start up and shut down the MH-1A reactor and to control the
reactivity in the core while the reactor is operating. These control
rods operate in channels among the fuel elements.
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T:pe 1 control rods are beronm stainless steel and have depletable
followers. The rods consist of an upper highly absorbing control
~ectic. containiag 2.1 percent (by weight) boron-10 stainless steel
encssed in stainless steel cladding, with a follower section of
slightly boronated stainless steel. The four inmer control reds
h.v2 tollowers of 0.16 weight percent natural boron equivaleant in
stainless steel; the eight outer ones have followers of 0.06 weight
parceent natural baron. The purpose of employving boronated followers
was to assure that the one-rod shutdown criterion would be met and
to flaiten both the radial and axial power distributions.

Twe sets of Type I control rods were obtained for use in the
original core and the first three shuffle cores. The first set was
to be used in the original core and the first shuffle core; the
second, in the second and third shuffle cores. However, inspection
of the first set of Type T control rods during the first shuffle of
the ccre showed that cracks of undetermined cause existed in non-
struciurdl welds along the cips of some of the control rods. It was
decided to use the second set in the first shuffle core. While it
is expected that the second set of Type I control rods will perform
better than the first set, due primarily to better quality control
and inspection exercised during their manufacture, there is no as-
surance that similar cracks will not appear.

In order to assure that control rods are available for the opera-
tion of the second and third shuffle cores, new control rods have been
ordered. These new control rods will have the lower borated follower
plate replaced with a solid stainless steel plate since analysis has
shown that shuffle cores can be operated safely with unborated fol-
lowers. These control rods have been designated as Type 1 mcdified
control rods.

D. Dummy Rod Locations

There are thirteen dummy rod locations in the MH-1A core. In the
original core twelve of these locations (all but the center one) were
filled with stainless steel dummy rods. The center dummy rod location
was filled with a 0.507-inch diameter source element which consisted
of a 6~inch long, 200 curie, PoBe source capsule at the core midplane
with a 6-inch long, 0.14 weight percent natural boron-stainless steel
poison slug below the source capsule.

In the first shuffle core the twelve stainless steel dummy rods

were replaced by twelve 1.0 weight percent natural boron-stainless steel

shim rods 0.507 inch in diameter. The source element was replaced by
a new stainless steel dummy rod.

Table I gives the core design and characteristics.

—
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TABLE I

CORE DESIGN AND CHARACTERISTICS

Plant Operating Data

Thermal power in reactor (Mwth)

Electrical power produced,

gross, 60 cycles (Mwe)
gross, 50 cycles (Mwe)
net, 50 cycles (Mwe)
net, 50 cycles (Mwe)

Core cycle lifetime (design), (yr)

Geometry

Core configuration
Active core hgt. (in.)

Equivalent dia. (in.)

Core Loadings
Initial core - BOL

Inner region (KgU)

Quter region (KgU)
Shuffled core - BOL

Outer region (KgU)

Type I Fuel Elements

Number of fuel pins per fuel element

Fuel pin pitch (in.)
Fuel pin OD (in.)

Active length (in.)

45

[

[
[« B RN~
« 4 e 3
- QO o

6 x 6 w/corners missing
36.0

45,2

1465 (4.07 w/o U-235)

1465 (4.65 w/o U-235)

1465 (4.65 w/o U-~235)

104
0.654
0.507

36




M

TABLE I (cont'd)

Total length (in.)

Fuel clad material

Fuel clad thickness (in.)

U02 Pellet OD (in.)

U0, Density (gm/em3)

Radial helium gap (cold)(in.)

Type I Control Rods

Absorber

Shape
Blade width (in.)
Inner 4 rods

Outer 8 rods

Absorber matrix composition

Absorber thickness (in.)

Clad Material
Clad thickness (in.)

Absorber length (in.)

Follower

Blade width (in.)
Inner 4 rods
Outer 8 rods

Poisoned section length (in.)

Unpoisoned section length (in.)

39

SS 348
0.023
0.4565
10.35
0.00225

Cruciform

10.78

10.70

2.1 w/o B (92% B-10) 1in SS

0.250

SS 348
0.050
36.75

10.78
10.20

27

14‘9
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TABLE I (cont'd)

‘Polson section composition
Inner 4 rods (design)
Outer 8 rods (dezign)

Unpoisoned section composition

Modified Type I Control Rods

Absorber
Shape
Blade width (in.)
Inner 4 rods
Outer 8 rods
Absorber matrix composition
Absorber thickness (in.)
Clad material
Clad thickness (in.)
Absorber length (in.)
Follower
Blade width (in.)
Inner 4 rods
Outer 8 rods
Total length (in.)

Composition

Dummy Rods

Composition

Diameter (in.)

Shim Rods

Composition

Diameter (in.)

Nat. B in SS
0.16 w/o Nat B
0.06 w/o Nat B

SS 348

Cruciform
10.78
10.78
2.1 w/o B (92% B-10) 1in SS
0.250
SS 347
0.050

36.75

19.78
10.78

41.9

SS 347

Stainless Steel

0.507

1.0 w/o Nat. B - 8§

0.507




TABLE 1 (cont'd) |

Source Rod
Diameter (in.)
Source capsule:
Length (in.)

Curies PoBe
Position

Poison Slug
Length (in.)

Composition (w/o Nat B)

Position

0.507

6
200
Core idplane

6
0.14

Below Source Capsule

10




E., Summary of Analytical Procedures and Results

The analysis of a typical core proceeds in the following manner.
First, the cross-sections for all regions in which the diffusion
theory assumption of a slowly varying flux holds are obtained by the
LEOPARD code as discussed in Section IIT. The regions in which dif-
fusion theory is not valid, 1. e., the absorber regions, are treated
by the blackness theory formalism, and cross-sections for them are
obtained by the LEOPROD code as discussed in Section IV.

Second, after all the cross-sections have been obtained, the two-
dimensional (x-y) k calculations are performed by use of the TURBO*
code. This code yields the appropriate % values for the two core
temperatures (hot = 490°F, cold = 100°F; both average moderator tem-
peratures) at both rods-in and rods-out configurations. Also, radial
peaking factors are obtained from the x-y power distribution found
by TURBO*. These procedures and results are discussed in parts of
Sections V and VI,

Third, after the BOL radial calculations are completed, the axial
calculations are performed. Using rods-in and rods-out TURBO* results,
the HOMOG processor code ylelds average, homogenized comstants for the
axial calculations in which the core is represented as four regions:

Top reflector, rodded region, unrodded region, and bottom reflector.
These average constants are used in the CNCR-2 code which calculates
the axial power distribution and k as a function of rod bank insertion.
The results of CNCR-2 are analyzed by the PEAK processor code which
yields the axial peak to average power plots. Sections V (J and K),
and VI (D) fiscuss this aspect of the analysis.

The final step in analysis of s particular core is the depletion
and life-time calculation. This is performed using the TURBO* program
and its associated history tapes. Aspects of this analysis are dis-
cussed in Sections V and VI.

This report analyzes three core configurations. Based on earlier
results for Core 1, the shuffle, -eloading, and depletion of the re-
sulting core (Core 2) are discussed in Sections V (A through D). After
finding the end of life of Core 2 analytically, the shuffle and reloading
resulting in Core 3 are discussed in the remainder of Section V. Due
to the stuck rod results for Core 3, as discussed in Section VI (A),
the analysis returned to C>re 2 and depleted it further to 300 full
power days. The core re:. ' ing from the subsequent shuffle and re-
loading, labelled Core 3A, is discussed in the remainder of Section VI.

Throughout the analysis, two different thermal group cross-section

sets, the MND and the Wigner-Wilkens, are mentioned., The WW cross-section
set results from assuming (as a model for thermalization) that the

11



moderator i{s a gas of hydrogen atoms exhibiting a Maxwellian distri-
bution of velocities. This yields a tractable differential equation
for the neutron spectrum in the thermal group. Averaging cross-

sections over this neutron spectrum :esults in the WW themal group
cross-section set.

Alternatively, the neutron number demsity rather than the neutron
flux may be used as the variable over which the spectrum is found.
Averaging in this case results in the mixed number density (MND)
crcss-section set. Ordinarily the MND set is found by dividing the
W cross-sections by the spectrum averaged value of a 1/v absorber
having unit cross-saction at 2200 m/sec. Further discussion of the
distinction between the two sets is presented in Section VI (B).

Teble 1I summarizes some of the quantities found for the three
cores.,

TABLE 11
Comparison of Analytical Results for Cores 2,3, and 3A
Core 2 Core 3 Core 3A
BOL Loadings w/o U-235 4.22/4.65 4.35/4.65 4.28/4.€5
(inner/outer)
Type of control rod Borated SS Borated SS/SS SS
follower
BOL kexcess -
hot 1.048 1.058/1.091 1.086
cold - 1.123/1.155 1.152
Stuck rod shutdown - -1.22%/+0.21% -1.899%
margin
Radial peaking factor 1.68 1.83 1.92
Axial peaking factor 2.02 2.04 1.96
Core life (full power 253 - 395
days)

M - Sanen o

12
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III. UTILIZATION OF LEOPARD - FUEL, CLAD, AND MODERATOR CONSTANTS

LEOPARD (1) is a zero-dimensional code which calculates few group
crogs-sections for 35 elements throughout the spectrum changes result-
ing from depletionr during core life. The fast group cross-sections
are obtained by a S4-group MUFT calculation (a Fourier transform solu-
tion of the slowing down problem). The thermal group constants are
calculated by a SOFOCATE code, ylelding cross-sections averaged over
a Wigner-Wilkins spectrum. From these Wigner-Wilkins values, the MND
cross-sections are obtained through dividing by the spectrum averaged
value of a 1/v absorber having unit cross-gsection at 2200 m/sec
(LEOPARD actually takes one-sixth the spectrum averaged U-236 absorption
crosg-section; the U-236 absorption cross-section is 6.00 barns at
2200 wm/sec).

Both the MUFT and SOFOCATE codes perform homogeneous calculations
(i.e., there is no explicit representation of the fuel, void, clad,
and moderator). The heterogeneities present in the physical reality
are accounted for by mocification of the homogenecus results through
the calculation of the thermal utilization, resonance absorption, and
the fast fission factor,

The MH-1A core consists of two different enrichment regions. At
the beginning of core life the outer fuel elements are rotated inward
and continue to be used in the shuffled core, while new 4.65 percent
enriched elements are position as outer elements. Thus physically,
slightly different flux characteristics are expected in the two dif-
ferent enrichment regions. This necessitates an approximation since
only one set of cross-sections may be employed to describe the entire
core during any particular time-gstep (i.e., the microscopic cross-
sections which TURBO* ugses for each type of atom is the same no matter
where that type of atom is located in the core--in effect, a single
flux energy-shape is assumed for the entire core for the purpose of
obtaining cross-sections). Furthermore, the true compcsition of the
rotated fuel elements is known only by calculation since the amount
of real burn-up which each experiencced while in the previous core
cannot be measured physically.

To obtain these required parameters, the following steps were taken.
The first core as loaded was known to have a nominal inner fuel element
enrichment of 4.07 percent and a nominal outer fuel element enrichment
of 4.65 percent. Thus, for the purpose of a LEOPARD calculation, the
first core was represented as an averaged-core with average enrichment
of 4.36 percent. Now, from the original-core TURBO* depletion study
(Ref. 2), the calculated core life was 332 full power days. Hence, a
LEOPARD depletion of the averaged-core was performed, using the same
set of time steps as the TURBO* depletion, up to 332 full power days.
This ylelded an average core enrichment of 3,852 percent; that is, a

13




depletioa of 0.308 percent during the course of core life. Since

a uniforn depletion of the core is assumed, the end of life enricn-
ment of the outer elements is thus 4.142 percent (i.e,, 4.65 percent
minus 0.3508 percent).

Thus the reshuffled core is represented as: New outer fuel ele-
ments of 4.63 percent enrichment, reused former outer elements as
inner elezents of 4.142 percent enrichment; the second averaged-core
is thus vepresented by an average enrichment of 4.396 perceat. The
LEOPARD depletion of the shuffled core 1s performed for this averaged-
core with the expiicit representation of the trace elements (see
Téble II1) carried in the reused fuel elements.

This tvpe of averaging procedure is satisfactory for the LEOPARD
cross-section generation since the cross-sections are relatively
insensitive to the enrichment specified (i.e., the cross-sections for
4.142 percent enrichment differ only in the fourth digit fror those
for 4.65 percent enrichment). However, in the TURBO* calculation
for the depleted core, all inner fuel element starting-number denmsities
for depletable elements are taken from the final number densities
resulting from the TURBO* depletion study of the original core (Ref 2).

The temperatures input into LEOPARD were based on the results of
the CENTEM program (Ref 3), the calculaticns being for the half core
presented in Figure 1. Table IV presents the results of these cal-
culations.

For each fuel element, the temperature of clad and void (Té,v) is
taken as: 1/2 (clad outer surface temperature) + 1/2 (fuel surface
temperature). An all-core average is calculated by:

- = A T B C . =D .=
(T p) = 20w * 2 Tc_v; 2 Teoy + Teoy + TEy

where the superscript refers to the particular fuel element. This
ylelds: (T. y) = 615.8°F. An identical averaging process is used to
obtain the core's volumetric average fuel temperature of 963.9°F.

These temperatures are then used as input to the LEOPARD program, along
with a moderator temperature of 490°F for the hot case and a resonance-
effective temperature equal to the core volumetric average fuel
temperature.

The parts of the LEOPARD output used in TURBO* consist of the

cross-sections, seif-shielding factors, and U-238 resonance escape
probabilities at each depletion time-step, plus the starting number

14
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densities (except as noted above for inner tuel elemeants). LEOPARD
calculates the number densities of Pm-149 and I-135, but does not
give the cross-section for these elements. Since both these elements
are present in number densities of less than 10-8/A3, these unavail-
able cross-sections may be neglected; and for the purposes of the
TURBO* calculation, these elements will be considered absent in the
core. On the other hand, although LECPARD gives all the cross-sections
and the number density for Pu-242, TURBO* does not have provision for
this element. Agaiu, since the number density of Pu-242 is_i_lo-a,
it may be considered absent. In any event, one has no choice but to
omit these elements from the TURBO* calculations.
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TABLE III

Trace Elements

. -

Element
t -236
Pu-239
Pu-240
Pu-241
Pu-242
Sm-149

Fission products

P —— s | A . - - 18

Atoms /molecule of U02

1.0797 x 10-3

2.1504 x 10-3

1.3947 x 10-*
2.6700 x 10-°

7.1683 x 10-7

4.0440 x 10-6

5.0247 x 10-3

TABLE IV

CENTEM Results (Temps in °F)

Fuel Element*

A

B

| S,

*see Figure III-1

Clad outer Volumetric average
Fuel surface temp. surface temp. fuel temp.
654.7 535.5 874.3
604.5 521.6 755.4
745.5 560.6 ' 1112.8
695.8 546.8 : 978.4
792.1 573.4 © 124706
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FIGURE III-1

Half Core Used in CENTEM

Elements
B A, B
Cc, N E
A
A
B

17

Enrichment (w/o)

4.652
4.142%
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1V. CONTROL ROD CONSTANTS
A. Theory

Strictly speaking, the assumptions which lead to diffusion
theory preclude the use of diffusion theory in regions where the flux
undergoes abrupt changes, viz. in control rods. The approach of black-
ness theorv (Ref 4, 5) is to define equivalent diffusion theory con-
stants by treating these regions as isolated and applying the traasport
equation. Once these equivalent constants are found, the problem is
wholly treated by the diffusion equation.

Four assumptions are made in the analysis:

No slowing down occurs in the absorber.

Scattering is neglected.

Diffusion theory is assumed to hold outside the region.
Absorption is only energy dependent (i.e., the region
is homogeneous) .

W -
. o

The absorbing region is taken to be a slab of thickness 2t.
All quantities evaluated at the left face are denoted with a minus
superscript, at the right face with a plus superscript.

The transport equation in the slab is:
k1
waaz (Z, u, E) +Xa(E) ¥ (Z’ i, E) =0

where ¥ (Z, u, E) is the directional flux, p being the direction
cosine. Henceforth, the energy argument E is understood.

For a neutron going from left to right (i.e., O<u< 1):
vt (u) =y (W) exp [-2¢I,/u]

For a neutron going from right to left (i.e., -1< u<o):
V) = gt () exp [26 24/u).

From the P-1 solution to the transport equation:

6~ + 3 uJ” for O<cu <1

v~ (W) 3 <
¢t + 3wt for -1< 1 < 0

vt (w)

18
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where ¢ is the scaler flux and J the current. Now J* = 1/25! 4y ¢ 31 (v),

0 1
or Jt= 1/2fy du ulet + 3uat] + 1/2fg du v [¢~ + 3uJ7) exp [-2t Z,].
1
Define En4o.= [ P e T/ du, the exponential integral(known as the "E
functions”). Here T = 2t I ,, referred to traditionally as the "optical
thickness".
Thus,

Jt = -1/2 ¢* + E5 (T) 4= + 3E4 (T) J~
J-+1/2 ¢ - Eg e+ 3E, (T) J*

(Note, to preclude confusion, that E without a subscript is simply
the energy argument, while E, with a subscript n is the E-function
of type n).

Now, define the blackness coefficients:

o(E) _J7(B) - INE) _ 1 - 2Ex(T)
TF@ + 6B 201 + 3ELT)

= J7(E) + THE) _ 1+ 2E4(T)
B(E) ¢~ (E) - ¢T(E) 2(1 - 3E4(T)

where the optical thickness T is a function of energy sincef , is a
function of energy. The a and 3 definitions may be employed in the
transmission matrix form (2):

o (o= + ¢t) = J- -t

B (¢~ - ¢F) = J- + Jt

or a+ B 2
¢\ =[8 -0 B-o o+
3=/ | 208 o+ B J"')
B~-a B ~a

19




P ST Y T T W—

For this geometry, the transmissjon matrix ¥ is known (Ref 5):

6" ¢
= (M
J- J¥
where cosh 2t L sinh 2t
L D L
(%) -
D sinh 2t cosh 2t
L L L

*

Equating the quotients of the off-diagonal terms, one obtains:

a (E) B8 (E) -[%%] 2 = D(E) £a (E).

Equating the quotients of the second column entries, one obtains:

2 = L(E) tanh 2t 2/a(E)B(E) . ganh 2t
a(E) + B(E) D(E) L(E) a(E)+B(E) - L(E).
2t _ tanh-! 2/ o(E)B(E) _ 1n Y/ B(E) + ¥ o(E)
Thus L(E) a(E) + B(E) Y B(E) - ¥ a(E)

1 < Za(E)
Now, . ORI OR

YILEDE) £ (E) VY a(E)B(E) 1n V7 B(E) + v/ a(E)
thus —Im = ? = 2t

Y B(E) - ¥ a(E)

by = HEBE) 26/ a(BIBCE)
Za(E) /B(E) + vV a(E)

ln/Bﬁ - /a(E)

Thus the equivalent I ; and D may be found for the region purely
in terms of true region thickness, and o and B which depend solely
upon the optical thickness.,

20




The above development is for the case of a continuous enmergy model.
An entirely equivalent result is obtained when the analysis is extended
to group theory (Ref 4). In that case a and B are simply replaced by
<a>p and <p>, which are defined as appropriate average values of a(E)
and B(E) over the energy interval making up group n. Once <a>p and
<B>p are obtaired, a calculation identical to these made above is made
to obtain the group constants D, and L 4 p.

The above formalism is developed for the case of continuous media.
However, in reality most calculations are made with a finite difference
approximation representing the spatial derivatives of the diffusion
equation. This makes the value for the equivalent diffusion theory
constants dependent upon the mesh spacing chosen in solving the finite
difference equations. It can be shown (Ref 4) that the resulting
expressions in that case are:

<B>n + <B>p
<g> n ~ <op

ky = 1/2t cosh-1

Dy = (<a>n + <B>p)h  tanmh 2kt
2 sinh kgh

za’n ~ zh?i (coah knh -1)

vhere h is the mesh spacing and 2t the absorber slab thickness. As
expected when h> o, the continuous media expressions are recovered.

For the case where the mesh spacing is chosen to be one-half the
glab thickness (i.e., there is only one mesh point midway in the slab
and mesh points at each gurface of the slab), namely h = t, then
simpler equations result (Ref 6):

Dhp=h /<B>n (<B>n = <q>n)

- 2
z:a,ﬂ h (<> - /28>n (<B>, - <a>p)
B. Application

LEOPROD, an in-house modification of the LEOPARD code (Ref 1),
was used to generate the equivalent diffusion theory constants for
the control rods. The usual LEOPARD spectrum-averaging procedures
used to obtain group absorption cross-sections in the unit fuel cell
3 were modified to calculate the <a>, and <> in three fast groups
- and one thermal group.

| . ' 21
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Tue thermal spectrum averaged values were obtained using the
Vigner-Wilkins spectrum generated by LEOPARD for the pa.ticular fuel
cell, Values for the Ez function are entered in tabular form through
Diis statements for 46 values of the argument ranging from 0.0 to
22.0 (for _ »22, Ep <10-!! and hence is taken as zero). LEOPROD then
create; tables of the E3 and E; functions for the same 46 arguments
using the recursion relations:

E3(T) = 1/2 [e~T = T * Ex(T)]
E4(T) = 1/3 [e-T - T * E5(D)].

The number densities of boron-10, iromn, nickel, chromium, and
manganese are entered as input, and LEOPROD calculates the optical
thickness T for the case by summing the macroscopic cross-sections
contributed by each element at the energy of interest. The parabolic
interpolation function TERP is retained from LEOPARD and used to
calculate valves of E3(T) and E;(T) different from the tabulated
list. From these values of E3 and E,, values of <a> and <8> for
1 < n <172 are calculated. These values for the 172 thermai sub-
groups are then averaged to obtain a thermal group average value by
the following quadrature formula:

171
<a>th '{ i (Wg<a>,vEg + Wy-1<0>g~17E¢-1) (B¢ - Ep-1)
L=1

Enax - E171 (wm VE  <a>172-
+ [W171 E171 <0171 H{E172 - E17 172

171
Wi71"Eaznn <0>171)+ Wi71 "E1n1 <°‘>171] (Emax - E171) ¢ * Z
L =1
Epmax - E171
(WpBy + Wp-i EeoD) (B - Bg-1) + W71 ‘Eam1 HErs = E Wy 7:/E172

=1

-4172 YE171) + W11 VEny ] (Epax - E171)

where E; is the average energy of the 2-th energy subgroup (not the Eg
function !!), the Wy, are the weight factors for each subgroup, and Epsx
the thermal cut-off (0.625 ev). An identical equation holds for <B>g,
with <a>p; replaced by <B8>g.
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The fast spectrum averaging proceeds in an analogous manner with
54 fast subgroups (subgroups 1 through 10 being the first fast group,
10 Mev to 821 kev; subgroups 11 through 25 being the second fast group,
821 kev to 5.52 kev; subgroups 26 through 54 being the third fast group,
5.53 kev to 0.626 ev). Thus 54 values of <u>; and <i»,; are calculated
in the same manner as for the thermal subgroups.

The averaging procedures is slightly different than that employed

in the thermal group. Again as quadrature formula is emploved:

i
z: <a>y v /(1 + V3 <a>y)
=1

]
<c>n

§: Yo /(1 + Y3 <a>y)
L=i
where the 1 and j limits define the group; that is,
1<2<10 for group 1, n =1
11<2<25 for group 2, n = 2
26<2<54 for group 3, n = 3.

An identical procedure is used in obtaining <£>,. The y{ represent

the weight factor for the 2subgroups. This quadrature scheme differs
1 1

from that used for the thermal group in the 1 + v3 <a>; and 1 + +3 <&~

factors present. These factors are derived from the narrow resonance

approximation (Ref 6) and account for the flux dip at the surface of

the rod.

The input to the LEOPROD program is identical to that for LEOPARD
(as used in the no burn-up option) with one exception. An additional
data card is added after the card indicating the LEOPARD options chosen.
This additional card is punched in six fields of twelve columns: The
first being the boron-10 number density; the second, the slab thickness
(in centimeters); the third, the iron number density; the fourth, the
nickel number density; the fifth, the chromium number density; the sixth,
the manganese number density. All number densities are in terms of
atoms per cm3 times 1024,

The program may be adapted for . bsorbers other than boron-10, as
long as they exhibit a 1/v absorption behavior (e.g., europium). In
that case it is necessary tc enter an equivalent boron-10 number density:

equivalent boron-10{ _
number density

ca of absorber X at 2200 m/sec\'
oy of boron-10 at 2200 m/sec

absorber X
number density
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Of course, only the thermal group constants (where the 1/v relation
holds) will kave meaning. The fast group constants will not be correct
unless, fortuitously, the fast absorption characteristics of absorber X
are just the above conversion factor times tke bororn-10 fast absorption
characteristics, with exuctly parallel resonances. In any event,
absorption i{n the thermal group is significantly greater than in the
fast groups and, as a first apprcximation, one might accept the re-
sulting fast group constants as roughly proper for absorber X.

The output is modified somewhat from that of the original LEOPARD
output. Essentially, the first two pages of a LEOPARD output are re-
teined since they provide a check of the input quantities for possible
errors. The third page presents the output unique to the LEOPARD
program: Number densities in the control rod, rod thickness, and
blackness theory results. Both Wigner-Wilkins and MND results are
presented for the thermal group. The MND results are obtained by
dividing <a>yy and <g>tp, resulting from the Wigner-Wilkins spectrum
calculation by the spectrum average value of a 1/v absorber having unit
cross~-section at 2200 meters/second. This average value is denoted by
"Wigner-Wilkins 1/v" in the standard LEOPARD output. (For additional
description of LEOPROD, refer to Section VII of this report.)

C. Results

The results obtained from the LEOPROD program are discussed in this
section. Table V compares the blackness theory parameters <a>, and
<g>p obtained by the LEOPROD program to those obtained by NUS (Ref 7)
which also used blackness theory for identical control rods but obtained
spectra from the KATE and THERMOS codes. The agreement for the thermal
group is precise. There is good agreement of these parameters for
groups two and three; however, discrepancies appear in the group one
rerults. It should be pointed out, however, that gsroup one (the fastest
group of neutrons) is the least important group, the control rods being
almost transparent to neutrons in this group and sbsorption very small
compared to the three lower energy groups.
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Comparison of LEOPROD and NUS values

TABLE V

for MH-1A Control Rods

LEOPROD values: group <a> <B>
1 .0009008 361.4
2 .004122 78.24

3 .1256 2.215

(Wigner-Wilkins)} 4 4974 .5022
%«JS - 576 values group <a> <g8>
1 004394 756.23
2 § .004161 77.95

3 P .1259 2.2086

(Wignet4W11k1ns% 4 | 4979 i .5022

The agreement of LEOPROD results with those of NUS (Ref 7) gives one
confidence in the methods employed in the calculation of <a>; and <B>j,.

Table VI presents a comparison of values of D and I, calculated by

-LEOPROD using the discrete mesh formula (with h=t) and using the

continuous media formula. It can be observed from Table VI that the
values for groups 1 and 2 are nut altered by using either the continuous
model or the discrete one. This is as expected, since the mesh size
is much smaller than the mean free path in the control rod for neutrons
in these two groups. Thus, for neutrons in these two groups, any mesh
size 18 equivalently zero and the medium appes~s continuous. The mesh
size does influence the values for the third group, and its effect
is greatly enhanced for the fourth, or thermal group. The conclusion
drawn from this result is that the continuous media equations are appli-
cable only when <a>p << 1.

<B>n

e —




TABLE VI

LEOPROD Results for Mi-1A Control Rods

o

: Continuous Media iscrete Mesh
reutr¢r Energy troup | } I 4 9
" D{em) ; Calem =) ! D{cm) Za(em™)
o T 2 T '
| 4.7 - .002837 | 114.7 .002837
2 26.86  .01208 | 28.84 .01298
3 .6896 .4034 . .6831  .4015
4 (WW) .05169  4.837 .C1478 2.870
| i

One further consideration serves to minimize the group 1 discrevancies
between LEOPROD and NUS (Ref 7). Namely, the fundamental quantity in
the contiauous media formalism is the product of <a~, and <8>,. On
this basis, though <a>; and <g>; individually are different in the
LEOPROD and NUS calculations, <a>1 x <g>; is nearly the same for both.
Physically, this implies that both calculations result in the same
quantity for total loss of group 1 neutrons, the difference being only
in the relative sizes of the loss through leakage and the loss through
absorption. This fact increases confidence in LEOPROD's results.

The values of D as given by blackness theory are predicated on the
assumption of negligible scattering. This holds true in a pure absorber.
However, in a physically realistic case, such as the Mi-1A control rods,
the pure absorber is dispersed in a stainless steel matrix. The steel
has nonnegligible scattering properties {and makes up =96 v/o of the
control rod) while the boron-10 is essentially a pure absorber. Thus
a justifiable approximation i{s to take the values for D from those for
stainless steel for certain cases which satisiy a physical rationale.
These cases are discussed in detail in the next section. Three cases
are considered:

(a) rods all in.
(b) rods all out.

(c) rods at some intermediate position.
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Boron-10 is a strong thermal absorber (i.e. its main effect 1s upon
group 4 neutrons). Thus, the D values used for groups 1 and 2 are
those corresponding to stainless steel for all three abcve cases. The
D values for group 3 in the rods-in case were taken from blackness
theory, while for the other two cases, pure stainless steel values
were used. The blackness theory D value was used for group 4 in all
three cases except for the outer borated rod followers (in the rods-
out case) which vere representable by stainless steel D values due

to the low boron-10 number density there.

Table VII gives the MH-~]A rod constants used, with the pure stain-
less steel D values obtained from a LEOPARD calculation and the blackness
theory D values cbtained with LEOPROD. The I 3 values are all obtained
from a LEOPROD calculation and thus based on blackness theory.

TABLE VII

Mi-IA Control Rod Constants Used

Group D(cm) Zg(cm)=l
1 1.615 .002837
2 .9048 .01298
3 .3609 (.6831)* .4015
4 .3556 (.01478)* 2.870
4 6825 (.02236) % 5.509

* Blackneas theory values

Care must be exercised in obtaining the MND values for stainless
steel, The unit cross-section used to obtain the MND values from the
Wigner-Wilkins cross-sections should be characteristic of the fuel
cell gpectrum (since the entire reactor is represented by this
equivalent LEOPARD fuel cell) and not of a pure stainless steel cell
spectrum.

In order to perform the calculation for rods-out keff, one must
obtain the equivalent diffusion theory constants for the borated
followers. The results of a LEOPROD calculation for the inner
followers (0.16 w/o natural boron) are presented in Table VIII, and
for the outer followers (0.06 w/o natural boron in Table IX. The
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number densities used in these calculations are presented in Table X,
where the follower boron-10 number densities are the equivalent
boron-10 values obtained as explained in Section IV B, and the
stainless steel values are for pure S5-348. The D valuves used for
the followers are tnose given in Table VI for stainless steel with
the exception of the thermal group value (1.902 cam) used for the
inner followers which was obtained from LEOPROD.

In summation, the LEOPROD program calculates the equivalent
diffusion theory constants for control rods. There is good confidence
in the numbers calculated for I ; and, together with the proper choice
of atainless steel values for the diffusion coefficient when valid,
the results of LEOPROD may be used to represent control rods in few
group diffusfon theory programs such as TURBO*,

TABLE VIII

Mi-1A Inner Rod Follower Constants

| i | 7
rou ! <a> <B> | £ a(cm)~t ’
1 ' 65451074 .4945x10% f .2062x10~3
2 E .6686x10™% .4846x10% .2106x10"3
, 3 ; .6682x10"> 47.40 . .02105
4= E 08737 4.004 § .2767 |
4-MND l .1677 i 7.685 | .s3m1 !
TABLE IX
Mi-1A Outer Rod Follower Constants
! f 1
rou <a> 2 <B> £ a(cm)~1 ;
1 15690x10~% | .5681x10% . .1793x10-3 %
2 25201074 | L272x105 - .7936x107 ?
3 .4358x102 73.42 © 01373 |
4=l " 05780 6.317 i 1825 |
4~MND .1109 12.12 | .3493
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TABLE X

Control Rod and Rod Fcllower Number Densities

Element Inner Follower Quter Follower Rod
Boron 10 .996x10~4 .374x10™% 624x10~2
(.279x10-4) * (.899x10™2) *

Iron .05854 .05854 .0480
_ Nickel .9950x10~2 .9950x10~2 .782x10™2
Chromium .01606 .01606 .013210
Manganese .1736x10~2 .1736x10"2 .143x10"2

<

* Indicates depleted follower
(all in units of 10 24/cm)
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v. METHODS OF ANALYSIS AND RESULTS

A. _Qggpgyétion

TURLL* (Rei &), a two-dimensional, few group diffusion theory
depleticvn code, was the basic calculational tool employed. The code
allows a performance to the depletion calculation in x-y geowmetry.

The reacter model to be studied is represented in x-y geometry
shown in Figure II-2, The geometry is further defined by placing
mesh lines parallel to the two coordinate axes. This divides the
reaztor into a number of mesh rectangles. The intersection of mesh
lines define mesh points. TURBO* can employ up to 7500 mesh points.

The rectangles are grouped into a smaller number of compositions,
applying the term composition to all those which, initialiy, can be
described by the same isotopic number densities, self-shielding factors,
and buckling. The input to the code consists of the geometric des-
cription, self-shielding factors, four group cross-sections, U-238
resonance escape probabilities and nuclide number densities in each
composition. This information is used to compute the four-group
constants for each composition. Then, the four-group diffusion
theory solution for the neutron flux distribution is calculated to
determine the beginning of life flux and power shapes. The flux
shape is used to compute depletion of each of the Lurnable isotopes
at each mesh point over a specified period of time. The magnitude
and spatial distribution of the neutron flux are assumed to be in-
variant over this time step.

In the MH-1A analysis, a half core calculation was done with 7320
mesh points (120x61), and 30 regions. These regions were made up by
seven control rod regions, sixteen consisted of fuel elements, and
seven containing various proportions of steel and water. 'To calculate -
the number densities in these homogenized regions of steel and water,
LEOPARD number densities were used: 100 percent K0 being 2.67x10"2;

100 percent stainless steel consisting of Fe (5.854x10™ ) Ni
(9.550x10-3) ; and the mixed §S-H90 regions were obtained by multiplying
the volume fraction times the appropriate 100 percent number densities.
The shuffled core number densities for the fuel elements were obtained
as the final values of the TURBO* depletion runs for the original core.
The other starting number densities were obtained from LEOPARD. After
the first time step, the number densities used at any subsequent time
steps are precisely the ones that TURBO* calculates and preserves on
the history tape.
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TABLE X1

SS-H90 Compositions

Composition Number

Used in TURBO* Description SS vol fraction ugo vol fraction

13 reflector .50 .50

14 water gap 0.0 1.0

15 rod clad L2475 .7525
16 inner rod tip .1222 .8778
17 outer rod tip .1470 .8530
18 SS filler and Hj0 .5217 L4783
19 SS filler and Hy0 4720 .5280

The control rods were presented by both a depletable and a nondepletable
nuclide. The depletable nuclide was B-10 which was represented as
element 29 in the TURBO* program. The nondepletable nuclide was a
fictitious element for which the cross-sections used were the macro-
scopic ones for stainless steel with a number density of unity.

B. Core 2, BOL Calculations

The BOL calculations for core 2 are presented in this section. These
calculations were done for: (a) The control rods all the way in, (b)
the control rods all the way out,

A brief discussion was presented in an earlier section on the con-
trol rods constants and tables of values used for the different cases.

Some additional analysis was required to choose D values for the control
rods.

Now, D = 1/3 (¢ ;y)~1 which for the rods is
D=1/3 [Nlotrl + NZotrZ ]-1
where the subscript 1 refers to the nondepletable nuclide (stainless

steel) and the subscript 2 refers to the depletable nuclide (Boron-10).
The desired approximation is that:

N2 otr2 _
D= 1/3 Nyoer; (1 + %y otry ) It
= 1/3 [Nlotrl]-l

which requires that Nzotr, «l

Njotry
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In the present analysis, N) = .0639 and the value
position of rods in the core.
core); Ny = .996x10~4
(rods out, inner followers).

The values of N, =
(rods out, outer followers)
The appropriate o¢,

of Nz depends on the
.624x10-2 (rods-in

and N, .374x10-4

values of a LEOPARD

calculation with isolated B-10 and SS-348 (i.e., self shielding effects
neglected) are presented in Table XII.

TABLE XII

Microscopic Transport Cross-Sections, Barns

Group 1 Group 2 Group 3 Group 4
$S-348 2.35 3.85 9.62 11.3

An engineering judgment is utilized such that when the above ratio is
greater than 0.20, only blackness theory values can be used.
other situations, i.e. the ratio legs than 0.20, the stainless steel

approximation can be used.

In

On this basis, it is found that the outer

followers can be represented by a stainless steel approximation for
all the four groups, and the inner followers for the three fast groups.
In the rods-in case, the stainlegs steel approximation is valiZ only
for the two highest energy groups.
presented in Table XIII.

The values of the ratio Nootr2 are

Njotry
TABLE XIII
o Q Ratio Oriterion
Group 1 Group 2 Group 3 Group 4
Rods out inner 1.64x10-3 2.42x10-3 6.22x10-7 .220
Rods out outer .614x10~3 .907x10-3 | 2.33x10-3 0825 |
Rods in 0.103 0.151 .390 14.1 E

Table XIV presents the calculated k.¢¢ and compares it with those

obtained for Core 1.

sections.

These calculations were done with MND cross-
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One notices an increase in the value of k (rods-out) between
Core 1 and Core 2. The reason for this difference lies in the fact
that the inner elemunts of Core 2 (the outward elements of Core 1
shuffled imward) have an aversge earichment of 4.22 percent compared
to 4.07 percent of Core 1. In addition, the Core 2 calculation used
analytically derived blackness theory control rod constants which
were significantly larger than the NUS suggested values used in
Core 1 calculations. Thus, the increase in kgff due to increased
enrichment is somewhat obscured by the larger control rod absorption
constants. In fact, the latter is reflected in the kgff values of
Core 2 for the rods-in case which is smaller.

TABLE XIV

Comparison of keff Values Between Core 1 and Core 2.

R

BOL, kefs (490°F)

i
'r
Core 1 Core 2 l Core 2
New C Rods } New C Rods New C Rods &
: 1 Pcison Shims
Rods in .873 . 871 | .8663
Rods out | 1.055 " 1,057 1.043

The rationale behind the choice for the ratio criterion to be 0.20
is clearly verified by the keff values obtained for the rods-in and
rods-out cases using the stainless steel modification value for D ia
all the groups. This effect of D on keff is presented in Table XV.
It 18 noticed from this table that when the ratio is much greater
than 0.20 the all-stainless steel D calculation gives an appreciably
different answer than the one using blackness theory.

Table XIV presents two values for Core 2, one of which is with
the use of new control rods and poison shim pins. Core 2 contains
the poison shim pins. The depletion study, discussed in the next
section analyvsis includes the representation of the core with the
poison shim pins.
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TABLE XV

Effect of D values on keff

6 CHON0 D B O COOCD CagEESD o

Ratio criterion
e i A1l SS D Mixed D for group 4
Rods In I' .865 : .871 ! 4.1
; H
Rods Out i 1.059 ! 1.057 .22
é : “;‘ ;

C. Core Depletion (Preliminary Studies)

The analysis of a nuclear reactor requires determination of the
reactor's characteristics throughout its operating history. These
characteristics include the distribution of power throughout the core,
the concentration of various nuclides at different locations in the
reactor, and the control rods position required for criticality,
plus mary others. ‘The examination of depletion effects is a complex
task requiring use of many approximations and giving rise to a large
number of alternative approaches. Common to all of these approaches,
however, is a depletion cycle. This cycle ccnsists of calculations
of microscopic cross-sections, spatial flux and power distributions,
flux and power editing, depleted number densities.

Core 2 depletion was performed in the following manner. An
artificial rod bank position was chosen at the first time step so
that the starting keff was 1.014. At each time step, the kegg cal-
culation was performed twice; once with the initial number densities,
and next with the final number densities for that time step. The
difference in these two keff values was the Akggs associated with
that time step. The successive Akefg values were subtracted from
the BCL rod out kegs value, to yield keoycegg as a function of time.
On this basis, the end of core life was defined to be that time when

T (Bdkeff)y = kexcegs at 30L; i = time step number
i

The artificial rod bank position formalism was introduced in an attempt
to represent the physical three-dimensional reality in a two-dimensional
calculation. The rationale was to duplicate a change in rod bank
position by a change in number densities in the control rod compositions.
For the rods-in case (fractional withdrawal = 0.0), the control rod
number densities of Table X are used (let this be Nj). If N, is de-
fined as the pure stainless steel number densities, then for composi-
tions consisting of stainless steel and control rod we have:

34




NSNI-'-X(NO-NI)

with X defined as the fractional withdrawal of the rod bank.

The boron-10 number density is: Ny = 6.24x10"3 (1-X). These equations
provided the number densities for input into the LEOPROD calculations
which yielded the graphs of Figures V-1 through V-3. The values in
Figures V-1 through V-3 for X=1.0 (i.e. rods-out) do not represent
precisely the LEOPROD calculation. Instead they are average values

of the LEOPROD results calculated separately for inner and cuter
followers (due to different boron number densities). In the rods-out
TURBO# calculation the precise £ a values werc used, not this average
one,

Strictly apeaking, the rod bank '"position" (i.e. x) defined in this
manner is an artificial quantity. In reality, for the rod bank at x,
(1-x) times the core height in the rod regions consist of the large
boron number density control rods, while the remainder is all borated
followers. In the two-dimensional equivalent, the entire core height
in the rod regions consists of the average number densities calculated
by the above two equations, Obviously, in terms of reactivity effect,
the two cases are not identical (i.e., rod bank withdrawal cf X does
not result in the same keff if the problem were truly solved in the
full three dimensions). However, this artificial scheme has the
virtue of coupling the four group I, values. That is, in hunting
for the appropriate L ; for a desired keoff, ”ne must choose four I 4
values, one for each group, in a rational manner. It would be un-
Justified to choose I 31 corresponding to X = .60, * 59 corresponding
to X = .78, etc., in a single calculation. Thus the artificial rod
bank position formalism provides a method whereby consistent four
group £ 4 values may be chosen, even though this artificial bank posi-
tion does not, in itself, have a strict physical analogue (except for
the rods-in and the rods-out cases).

The desired ko¢¢ for the start of the first time step was obtained

with X at 0.91. Carrying out the same type of analysis of N, otr2 as
Ny oerl

in Part B, one finds that the 0.20 criterion is exceeded onl% for

group 4. As the core depletes, X increases beyond 0.91 and N, decreases,
N

thus the 0.20 criterion can never be exceeded in the fast gro&p. In

the thermal group, the ratio starts at 2.62 and decreases over the

depletion, but always remains greater than 0.20 since o..9 is so large

compared to O¢p1. Thus stainless steel D values are used for the fast

groups, and blackness theory D value for the thermal group, throughout

the depletion analysis.

Figure V-4 indicates the particular keff calculated at the beginning
and at the end of the time step. At the end of the third time step
(50 full power days), the keff had fallen to 0.986; thus a readjustment
of the boron-10 numbe. density was required to bring keff close to 1.0.
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Siuwulating a rod bank withdrawal, the nuaber density was reduced to
8.0x10"2 which vielded a kqog¢ orf 1.0027. Again the depletion was
continued further, with composition-wise homogenization of the number
densities. The discontinuities present in Figure V-4 bHevond 5C full
power days are due to the change in the cross-sections with each

time step.

Figure V-5 indicates the behavior of kgy.ogg (rods-cut kegg) as
the deple..on proceeds. The keyxcess valucs are obtained by subtracting
the kef for each time step (given in Figure V-4) successively, as
desccibed earlier.

D. Quarter Core Depletion Study (Core 2)

The preliminary calculations discussed previously have not accounted
for the existence of the 12 poison shim pins located at the meeting of
the control rod tins. These poison shim pins were originally loaded in
the shuffled core on the assumption that the original control rods
(which had experienced marked depletion in the follower regions) would
be reused. Hcwever, during reloading, cracks were discovered in the
control rod blades; thus, an entire new set of control rods were in-
stalled. The !” poison shim pins remained in the core after the
replacement of the control rods. The poison shim pins extended for
the full height of the core.

This depletion was done with a quarter core configuration to mini-
mize the usage of computer time. The 12 poison shim pins were explicitly
represented in the quarter-core analysis. Due to the shuffling scheme,
the core is not strictly quarter-core symmetric. Some idea of the
discrepancy in kegsf between a quarter-core and half-core solutions may
be obtained by comparing identical situations. For these situations,
the half-core BOL kexcess calculated was 1.0518; the quarter core value
was 1.0484, This difference is due primarily to the distortion of the
flux shape along the new boundary created by the quarter-core repre-
sentation. This representation has a built-in uncertainity in defining
end of core life which will be discussed.

The reactivity worth of the poison shim pins was evaluated by doing
two TURBO* calculations. One with 1 weight percent of B-10 present
in the shim pins and the other with B-10 replaced by stainless steel.
The values between these two cores is equivalent to the worth of the
shim pins. This is found to be equal to .947 percent Ak/k at BOL.

The next few paragraphs present a brief discussion on the manner
of manipulating the poison shim pins in the calculations as well as
the choice of control rod constants.

Element 17 (not fixed on the history tape) was used as a variable

poison in the control rod regions. Its number density was manipulated
to keep keff in the desired range throughout the dzpletion. Its cross-
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sections are identical to those used for the control rods in the
walt-core epletion analvsis. Element 29 was used for thie depletable
f.oron in the inner followers and the shim rods (1l w/o B), while
element 30 was used for the depletable boron in the outer followers.
All ¢:oss-sections were the blackness theory and pure stainless steel
vaiues chosen as in the half-core analysis. Unlike the half-core
depletion anulysis, the boron number densities in the followers are
kept Jistinct from those in the control rod sections; thus, the de-
pletivn o1 the follower and skin rods is represented explicitly.

Element 12 was used to fnput the stainless steel constants in
the «ontrol rods, followers, and shim rods. Thus if the blackness
theory constant in a follower region is EgI and the stainless constant
is Zgi, then the boron-10 constant in that region for group 1 is
defined:
SS
B L (Zg£ - Iap)

J = —

ai

where NP is the BOL boron-10 number density in the region. When all
the boron-10 has been depleted in the region, the region is charac-
terized by pure stainless steel constants. Note that this formalism
tends to underestimate the boron-10 depletion since cBi is calculated
from BOL conditions; thus ROL self-shielding factors f6r boron-10 are
used throughout the core--iiie. In reality, the degree of self-
shielding reduces as the boron-10 is depleted thus, og at later time
steps is larger than the value calculated above, and the boron-10
depletes more rapidly than calculated. This implies that the calcu-
lated core life is a lower bound on the true core life. In any event,
this difference is decidedly a minor point.

In order to obtain the blackness theory constants for the shim rods,
the cylindrical geometry must be properly represented in LEOPROD. The
fundamental geometrical quantity in considering absorption is the mean
chord length: L = 4V/S, where V is the volume of the lumped absorber
and S is its surface area (see pg. 715 ff of Reference 9). LEOPROD
handles slab gecmetry absorbers (the geometrical input being the slab
thickness). For a slab we have: L = 4abi -~ 2a

2(at+bet+ab 1+a/b+a/t
where a is the slab thickness, b the slab width, and £ the slab length.
The LEOPROD calculation assumes an infinite slab forx which:
2a

© = lim ¢ = .
L b+ 1+ a/b + a/t ) = 2a
£

Thus, the geometrical input into LEOPROD is one-half the meau chord length.

For a cylinder,'f = 2r, r being the radius. Thus to obtain the
appropriate blackness theory constants for the shim rods, the required
geometrical input quantity is the shim rod radius. For the MH-1lA case,
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this result is convenient since the shim rod radius is approximately
equal to control rod absorber thickness, and the scme geometrical
e input may be used in LLOPROD for both regions.

The technique of predicting core life was quite similar to the
discussions prescnted in the previous section. Figure V-6, a graph
between keyxcegs versus burnup, was used to predict core life. A
short discussion on uncertainties on such predictions and the dif-
ferences in core life for the first two MH-1A cores is presented
in the succeeding paragraphs.

To return to the discussion of uncertainities in the TURBO*
calculation: Recall that the difference between half-core and
quarter-core calculations of BOL keycegs calculation is che worst
possible assumption since it would be more likelv that the dif-
ference would decrease with burn-+p; the depletion process is one
which seeks a natural asymptotic equilibrium (i.e. larger flux at
a point depletes the fissionable elements there mcre quickly, which
in turn reduces the flux). On this assumption, the maximun devia-
tion from the calculated end of core life datum is 24 days. Thus
the core life is predicted to be 253+12 tull power days. This is
to be compared with the half core, dummy shim rods, value of 250
full power days. The implication is that the shim rods have little
effect on the overall core lifetime, their primary purpose being to
provide reactivity holddown at BOL.

[

After all the data of Figure V-6 had been ottained and the EOL
point of 241 days established, the sixth time step was repeated,
only this time from 200 to 241 full power days (rather than 200-
300 full power days). Taking the final number densities at the end
of 241 days, the calculation of keoge with all rods out was made,
yielding a value of 1.00070. The good agreement of this value with
the expected one of exactly 1.0 at EOL demonstrates confidence in
the technique of kegf summation for each successive time step. This
deviation of EOL kgycegs implies an error of three full power days
(i.e. assuming a linear behavior of kexcegs if kexcess = 1.00070
at 241 full power days, it will be 1.0 at 244 full power days).
Thus the uncertainty in defining EOL due to the kqgf technique
(+ 3 days) is well with the maximum estimated uncertainty (+ 12
days) due to asymmetry considerations.

The explicit representation of the boron-10 in the followers allows
TURBO* to calculate the boron depletion in the rod followers. Over
the core life, the quarter-core calculation indicated that two inner
followers depleted to 49.07 percent and 54.06 percent of the initial
boron number densities; that the two outer followers depleted to
53.05 percent and 54.38 percent of their initial number densities.

Table XVII presents the average enrichments (w/o u-235) for the
two different enrichment regions for the three cores. From the fact
that the average enrichment of the inner region {the shuffled elements
retained from the previous ccre) varies from core to core, one may
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conclude tha: an equilibrium core design has not been achieved. This
in turn causes the marked difference in the core lite for the first
two cores. Also it may be remarked that Core 2 experienced a signi-
ficant decrease in inner region burn-up. For Core 1, the outer design
depleted by 0.432 percent and the inner by 0,756 percent; while for
Core 2, the outer region depleted by 0.305 percent and the inner by
0.474 percent. Note the degree to which the Core 2 integrated flux
is "flatter" (i.e. the amourit of fuel depleted in the two regions

is more nearly the sawe). This effesrt is attributed to the poison
shim rods and fission product poisons present at BOL in the inmer
region of Core 2, both tending to decrease flux peaking in the inner
region.

TABLE XVI

Control Rod Number Densities

Burn-up B-10 Number density | B-10 Number density
(Full power days) Inner rod outer rod
0 .119x10"2 .119x102
50- 11591072 , .1169x1072
i
50+ .80x10~3 ' .80210-3
300 .7336x1073 | .7548x1073
{ i
TABLE XVII

Comparison of Region-wise Average Enrichment

)

Inner Region Quter Region !
BOL Core 1 4.07% 4.65% ?
EOL Core 1 3.314% 4,218% ;
BOL Core 2 4.,218% 4.65% ;
EOL Core 2 3.7447 4.,345% |
BOL Core 3 g 4.3457 4.65%
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TABLE XVIII

Yoae Properties of Core 2

Core Life = 253+i2 full power days

Worth of 12 poison shim rods (1%B) @ BOL = 0.947% k/k

E. Core 3, BOL Calculations

The final number densities as given by TURBO* at the conclusion
of the 20 day xenon decay calculation at. trend of core life for
Core 2 provide the starting point for the Core 3 calculations. The
TRBOR routine of TURBO* was used to shuffle and rotate the outer
fuel elements inward and also to insert fresh fuel elements in the
outer positions. The quarter-core configuration permitted the shuffle,
rotation, and refueling to be "performed"” in a single TRBOR run. The
result was a new core model which duplicated that obtained by physically
reloading Core 2 as per the refueling scheme (Appendix A of Ref 10).

The cross-sections for the new core were obtained through a
LEOPARD calculation which used the TURBO* aumber densities for Core 3
at BOL. Again, the control rod constants were obtained by LEOPROD:

The absorber cross-sections were the same as those used for Core 2
(i.e., the control rod absorber sections were assumed to be essentially
undepleted) , while the borated followers were assigned new cross-
sectionc to reflect the decreases in the boron-10 self-shielding
effect due to depletion. Table XIX presents the absorption cross-
sections for the boron-10 in the reused rod followers as given by
ILEGPROD.

TABLE XIX

B-10 03 (in barns) for Depleted Followers

! I
Group Inner followers ! Quter followers!
! ! :
1 { 1,175 : 2.329
2 ; 2.113 i 2.123
3 69.82 : 0.0 -
| 4 MND *  388.8 877.0
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As discussed previously, these values are corrected so that after ail
the boron-10 has been depleted, the rod follower absorption is that of
stainless steel alone.

For the new poison shim rods, the boron-10 number density obtained
from fab analysis was input. However, since only two elements in
TURBO* are available for use as boron-10 (elements 29 and 30), the
hseon-10 outer follower cross-sections werc used for the shim rods
with the difference in self-shielding effects In the two compositions
corrected by assigning a self-shielding factor of 0,7052 to the shim
rods. Thus the same set of cross-sectiovns yielded the correct macro-
scopic cross-sections for two different compositicns.

As in the Ccre 2 calculations, the BOL keff caiculations for
Core 3 were performed in a quarter-core configuration. Table XX
presents the results for Core 3.

TABLE XX

BOL keff Values - Core 3

Hot (490°F) Cold (100°F)
Rods In (Reused Rods) 0.8843 0.9524
Rods Out (Reused Rods) 1.0584 1.1227
Rods Out (Mod. Rods) 1.0911 1.155

- The shut-down margins were obtained from TURBO* calculations in
which all control rod constants were characterized by the full control
rod constants given by LEOPROD to simulate the all-rods-in case.

Table XX, shows that the hot (490°F) and cold (100°F) shutdown margins
are, respectively, -13.08 percent Ak/k and -5.00 percent 2 k/k.

Similarly, from the rods-out valves of Table XX, the excess reactivity

at BOL in re-using the previous set of control rods is 5.52 percent Ak/k
and 10.95 percent Ak/k for the hot and cold cases respectively. For
the case where Type I modified control rods are installed, the appro-
priate hot and cold excess reactivities are, respecti.ely, 8.35 percent
Ak/k and 13.42 percent Ak/k.
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In order to obtzia the flux shape corresponding to kegs ~ 1.0
at BOL in the "hot" state, a critical search was perforeed. T7This
vas carried cut by varring the nusber density of elemeant 17 (given
the boron-10 coatrol rod cross-sections) and noting the keff values
calculated by TURBO*. Table XXI presents the result of this progress.

TABLE XXI

Critical Search Results

Number density

element 17 keff

1.0x1073 1.00858

1.2x1073 1.00155

1.5x10~3 0.99212
|4

F. Stuck Rod Calculations (Core 3)

The stuck rod calculations were performed by using TURBO* in a
full core configuration in which the stuck rod composition was des-
cribed by stainless steel parameters and the other control rod regions
by the rods-in parameters. Table XXII presents the results at the
"cold" temperature (100°F).

TABLE XXII

Stuck Rod keff Values

=

+
i

i Quter stuck rod ; Inner stuck rod
i 0.9841 0.9879
L.

It is clear that the stuck rod margin of -1 percent A k/k is met.

It should be noted that the values of Table XXII are for the reused
control rods (in which some boron-10 is present in the depleted fol-
lowers) and with new poison shim rods present in the core. Without
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th: reactivity hold-down contributed by thease two sources, the 1
perceat 2k/k shutdown margin could mot be met. In addition, If
Core 2 undergoes less than the 253 full power days of burn-up
asgumed, the enrichment of Core 3 will be greater thon that used
in the TURBO* calculatior, thus reducing the shutdown margin.

An fmger stuck rod calculation was also performed for the case
vhere modified type rods were used (i.e. a stainless steel follower
replaces the depleted follower). The resulting keff was 1.0022
wvhich clearly fails to meet the required shkutdown margin.

An uncertainty of 0.1 percent £X%/k may be assigned to the above
numbetrs, i.e. a maximum uncertainty of 10 percent in calculating a
stuck rod shutdown margin of precigsely -1 percent Ak/k. Industry
employs a shutdown margin of -0.3 percent 2k/k (considerably looser
than the -1 perceant 2Ak/k required here), thus an uncertainty of
0.1 perceat Ak/k (a 1/3 uncertainty) seems adequate to cover in-
herent uncertsinties in the di‘ fusic: thicry code calculation.

Thus the stuck rod shutdown margins calculated here are: '

(e} -1.2¢ -+ .10 percent AF¥/k, for reused control rods
() +40.21 + .10 percent Ak/k, for modified type control rods.

G. Equilibrium Xenon (Core 3)

The reactivity equivalent of equilibrium xenon may be expressed
as (see p. 470 of Ref. 11):

p= - YL * Yy - %t
VpE ¢etdx
where: Y1 = yield of I-135 (atoms/fission) from thermal fission
Yx = yield of Xe-135 (atoms/fission) from thermal fission
v neutrons/fission

p = resonance escape probability
e = fagt fission factor
¢4 = thermal flux

x = (decay constant for Xe-135)/(o,,s for Xe-135)

To find v (the average number of neutroos released per fission),
fissions in the three fissioning element. present must be considered:

v=i Pi v{
i
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where Py is the probability of fission in element { and v; ic the
oumber of neutrons per fission of element i. Further,

Tt}
i)

vhere ffj is the core average »acrascopic fission cross-section for
element j. Namely,

i.fj &3 -ﬁj O‘fj
vhere Ny is the core average number density of element J and ofy is
the microscopic fission cross-section of element j. In turm,

k k
= £
Nj . ..kNj A
1 Ak
k
where Nk is the number demsity of element j in composition k& and Ak

is the Cross-sectional area of composition k. Assembling all these
average quantities, one cobtains the following equation for v fcr use
in the equilibrium xenon equation:

3 8
I I Nk a¥
T = 1;1 k-; viofi 4
L L off Nk AF
im] k=1 i

where i is the eivment index (i=1 for U-235, i=2 for Pu-239,
i=3 for Pu-241) and k is the composition index /in the quarter-core
representation, there are 8 fuel compositions). For example, in the
case of two fissionable elements distributed in two compositions:
1,1 =
5. V1% (A 4 N2 A2) + 2 ogp (Né al + 52 A%

11 2 2 1 1 2 2
of] (N\jA +NjA) +of2 (NgA #N24)

Using LEOPARD obtained cross-sections and the number densities and
composition areas obtained from TURBO* one calculates the following
value:

v = 2,456

The fast fission factor may be obtained from a correlation presented
in Ref 11 (p. 238):

e = 140,987 (Vy/Vy)
1 + 0.805 (Vy,/V,,
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vhere V,/Vy is the uranium-water volume ratio, giv.u to be 0.4392
by 8 LEOPAKD calculation. This yields for the faset rission factor:

e = 1.059

LEOPARL also yields the value for the thermal flux 2, the Xe-135
absorption cries-section, and the resonance escape probability:

$ = 1.0918 x 1013 n/cmisec
Oax * 2.7574 x 108 barns
o = .07559
Taking 3 = 2.09 x 107> sec™?, y, = .003, and vy = .061

one calculates the reactivity contrioution of equilibrium xenon
to be:

.061 + _.003 5 1.0018 x 19*3
P * - T(2.436) (.7559) (1.059) ~ (1.0918 +.75795)x1017
= - 1.922

thus the reactivity centribution of equilibrium xenon is - $2.74
(for Beff = .007015, calculated in Section VL).

H. Radial Power Distributions (Core 3)

A parameter of major interest during power operation of a reactor
is the ratio of maximum power density at any point within the core to
the core average. The knowledge of this parameter (peaking factor)
is importact in reactor operations since limitations of the materials
in the core serve to limit the energy output at a point. The maximum
power density can be obtained by multiplying the average power density
of the core times the peaking factor. To minimize the core total
energy output withouc destroying the structural integrity of the core
at the hottest point, one has to have an accurate knowledge of the
peaking factors at all times during core life.

The x-y calculations done for MH-1lA Core 3 with TURBO* give the
radial power distributions as an output. The code computes and prints
the power at each point in the reactor in a graphic form. The power
at a point is averaged over the fuel quadrant at that point and nor-
malized by the total power integrated over the fuel regions of the
reactor. A fuel quadrant is defined as one for vhich Iy is nonzero
for at least one group.

Thus, Pj4 = power at the point (1,3) = P}j
SpdA/SdA
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4 4
TI(kz£)8 q(1,3) 48 (1,3)
p, . Elgl
13

I ng
q=1
q = quadrant adbout point (1,3)

g = number of energy group

k = enecgy produced for fission neutron
¢ = peutron flux

IL¢= fission cross-section

= 1 if the composition ia quadrant 1a fuel, and is zero for nonfuel
quadrants.

The radial power distributions at 490°F are shown in Figure V-7.

The values presented are normalized power density averaged over a

fuel assembly. The local peaking effect for the central fuel assembly
is shown in Figure V-8. The radial peaking reaches a maximum near

the source element at the center of the core. This value is found

to be 1.82 for Mi-1A Core 3 with the reuse of the control rod followers.
This value has changed from 1.68 predicted for Core 1 in refarence

13. ‘thus, there is an increase of about 9 percent in the radial
peaking factor. It should be pointed out that use of burnable poison
in the inner control rod followers shall contribute a great deal
towards power flattening. However, use of this poison in the outer
control rod followers may not be that effective. Also it should be
pointed out that the expected core behavior (to have the power
distribution shift outward with each shuffle as per reference 13)

has not been observed in our analysis. On the contrary, the inner
fuel assemblies of Core 3 produce more power thar the cuter onea. This
is shown in Table XXIIX.

The reasons for the increase in the radial peaking factors in
Core 3 may be the following ones.

MH-1A Core 3 is analyzed and found to be more reactive than
the previous two cores. This is due to the fact that Core 2 is
analyzed to have a shorter lifetime. The outer elements of Core 2

are depleted to a lesser degree to increase the average enrichment
of Core 3.

The poisoned shim rods produce localized effects. However,
collectively they do cause a slight increase in the radial power peaking.
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(reused borated followers)
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The use of Type 1 modified control rods instead of reusing the
-7 depleted control rod followers will certainly increase the radial
1 peakinrg factor to a still higher value.

Furthermpore, Ceore 3 being more reactive, requires the controi rod
being inserted into the core to a greater extent than Core 2. This
tends to give a lower value for the critical bank position with an
increase in the axial peaking factor. The saving feature is that the
peaking factors will decrease over the lifetime of Core 3.

TABLE XXI11

Fractional Power Production

Mi-1a Core 1 Core 2 Core 3
Inner elements .6375 .6432 .650
Outer element .3625 .3568 .350

I. Axial Calculations (Core 3)

The axial calculations consisted of determining the 12 rod bank
integral and differential worths, the 12 rod bank critical positions;
the axial power distributions and the peak-to-average power ratio at
critical conditions for both BOL cold (100°F) and operating condi-
tions (490°F). The complete analysis -equired the use of five com-
puter codes. LEOPARD generated the microscopic cross-section input
for 2D (spatially) reactivity calculations with TURBO*. TURBO*
gives as output the value of group fluxes, the macroscopic cross-
sections, and areas for all the different regions in the core. This
output information was utilized in an inhouse computer code HOMOG
to generate the spatially averaged cross-sections. This information
was necessary as input for the one dimensional code CMCR-2., CNCR-2
solves the one dimensional multigroup diffusion equations using a
standard finite difference source iteration scheme. The reactor
] was divided into four regions presented in Table XXIV for the one-

f . dimensional CNCR-2 calculation.

¢ Transverse leakage was accounted for by inputting a transverse
t buckling., A total of 108 mesh points were used. The reflector regions
' were each represented by eight mesh points with the rodded and unrodded
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core regions containing the remainder. To simplify the input t»

CNCR-2, oniy macroscopic data was used. This resulted in some crror
regarding the axial powe:r #istributinns and peak-to-average power ratios
determined by CNCR-2. To correct the error, another inhouse code called
PEAK vas used. Its use is described in detail in the section on

axial power discributions.

TABLk XXIV

Region Description - - Axial Calculation

Composition Description
1 Water + stainless steel as
reflector
2 Rodded core
3 . Unrodded core
4 Water + stainless steel as
reflector :

The regions are pictorially depicted in figure V-9,

1. Cross-Section Input

a. Water + stainless steel reflector: These cross-sections
were obtained by simply area weighting the pure water and pure stain-
less steel cross-sections generated by LEOPARD.

b. Unrodded.core:. These were calculated using TURBO* and
an inhouse code called HOMOG. Twenty-one region macroscopic cross-
sections were generited from TURBO* (xy) runs. HOMOG averaged these
twenty-one region cross-sections by conserving reactions per unit
core height using the following relation:

'Y
Z. ,Zi ¢4 Ai
zk . =1 g7ig
: E:
¢ Ay
)} ig

type of cross-section indicated
no. of energy group

no. of region

cross-section

s flux

area

> © 0o x
5 5 K XN
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REFLECTOR 22.50 CM

RODDED
CORE
ACTIVE CORE
» HETGHT
| 91.44 CM .
| : | UNRCDDED f
E ; CORE ROD BANK POSITION
i DISTANCE WITHDRAWN

‘ ; '
’

REFLECTOR 22.50 CM

. |

FIG V-9 DEPICTION OF REGIONS
USED IN AXIAL CALCULATIONS
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¢. Rodded core: These cioss-sections were calculated in
the same manner as those in the unrodded core.

,,'/M‘Ow.-

2. Rod Pank Worth and Critical Bank Position

The 12 rod bank position was simulated by moving the boundary-
between the unrodded and rodded regions of the core. The differential
rod bank worth wag calculated using:

3p (0 oK (x+h x/2) - K (x - A x/2 1
AL K (x#8 x/2) K(x-A x/2) A x

2 p (x) = differential rod bank worth with the rod
AL bank withdrawn a distance x. -

K(x) = effective multiplication factor with the
rod bank withdrawn a distance x.

The integral rod bank worth was calculated using:

K(X) ~ K(X=0)
K (X)K(X=0)

p (x) =

p (x) = integral rod bank worth with the xod bank
withdrawn a distance X.

}

K(X=0) = effective multiplication factor with the
rod bank completely imserted.

Figures V-10 and V-11 give integral and differential rod bank worth
as a function of rod bank position (inches withdrawn) for both hot
(490°F) and cold (100°F) BOL conditions. The critical bank positions
under both hot and cold conditions at BOL were determined by system-
atically varying the rod bank position until an effective multiplica-
tion factor of unity was obtained. As criticalitv was approached,
the maximur bank movement per run was 1 cm. The bank position at
criticality was then determined by a linear extrapolation. Critical
bank positions of 11.2 and 5.25 inches were obtained for the hot

and cold cases respectively.

J. Axial Power Distribution

Axial power distributions were obtained for both hot and cold BOL
critical conditions. Because macroscopic cross—sections were input to
CNCR-2, the rodded region of the core had to be represented by Pu239,
This resulted in both an incorrect power distribution and axial power
peaking factor due to the difference in amounts of energy produced
per fission in U235 and Pu239, To account for this difference, an
inhouse code entitled PEAK was used to correct the power distributions
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by adjusting the CNCR-2 power distributions. Under hot critical
conditions a peak-to-average power ratie of 2.04 located at 7.7 inches
from the core base was obtained. A pesk-tu-average power ratio of
1.30 located 15.0 inches from the core base resulted under cold
critical conditiond. The normalized power distributions under both
operating conditions are presented in Figure V-12,

The effect of rod bank position on peak-to-average power ratio was
briefly investigated. Figure V-13 illustrates this effect. The solid
curve represents a least squares 3rd order polynomial fit. As can be
noted from the figure, the rod bank position rather than the operating
condition had a greater effect on the peak-to-average power ratio.

The axial peaking factor at BOL for Core 3 under operating condi-
tious (490°F) is 2.04. This value is higher than the 1.91 for Core 1
(reported in ref. 13). Thus, there is an increase of about 6 percent
in the axial peaking factor. The reason for this increase is the fact
that Core 3 is more reactive, which necessitates the rods to be further
inserted. The use of Type I modified controi rods will probably
incroase the axial pesking factor by more than this 6 percemt. A
plot of the axial peak-to-average power ratio at critical for Core 3
is presented in Figure V-14.

The total peaking factor for Core 3 broken down into its individual
contributions is:

Radial Peaking Factor 1.82
Axial Peaking Factor 2.04
Engineering Factor (ac-
counting for local
uncertainties -see
section V.M.) 1.073

Thus the total peaking factor for Core 3 is 3.984. For purposes of
comparison, for Core 2 its value was 3.40.

K. Temperature Coefficient (Core 3)

An increase in temperature causes a decrease in the reactivity
of the core due to decrease in moderation with decreased water density.
There is 21s0 a contribution to the change in resctivity through the
Doppler effect for the fuel.

The moderator temperature coefficient is defined as the change in
reactivity per degree change in moderator. The influence of fuel
temperature was eliminated by maintaining the fuel temperatures
identical to the moderator temperature in evaluating the cross-sections
at different temperature of interest with LEOPARD. The LEOPARD runs
were made at 100°F, 200°F, 300°F, 400°F, and 490°F to obtain the cross-
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sections at these temperatures. LEOPARD gives as output the value
for the effective multiplication factor of the core for these temper-

.atures. These were utilized as a first attempt to calculate the

temperature coefficient.

(keff - 1)
The values of kq¢¢ versus temperature were plotted. This
curve was utilized to obtain fg. at specific temperature by drawing

dT
slopes on the curve. The evaluated values were then fitted to an ex-

pression of the form

PaagrT+d
dT

a, b being fitted parameters.
p = reactivity, cents
T = Temperature of moderator, °F.

The temperature defect, defined as the change in reactivity of the
core from cold to hot, was obtained from TURBO* (x,y) calculations.
The presence of absorbers (control rods, poison shims, borated followers)
does influence the overall negative contribution to the temperature
effects. It is necessary to do the calculations with the rods at
critical bank position.

The above statement is very clear when one calculates the temper-
ature defect from TURBO* run for the cases with rods completely inserted
and completely withdrawn. The temperature defect with rods-in cases
are higher than that calculated with rods-out conditioms.

TABLE XXV

Temperature Defect

keff
(calculated) %8 k

TURBO, rods out, cold (100°F)| 1.123 +10.95
Calculation 1.

TURBO, rods out, hot (490°F) .1.058 + 5.48

TURBO, rods in, cold (100°F) .952 - 5.04
Calculation 2.

TURBO, rods in, hot (490°F) .884 -13.12
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The temperature defect from calculation 1 is thus ~5.47 percent
A k and that from calculation 2 is ~8.08 percent 4 k. The measured
value for Core 2 is -6.47 percent & k (Ref 12) and prediction for
Core 1 was -4.8 percent A k (Ref 13). The measured value for Core 2
was from a temperature range of 68°F and the value calculated with
rods in is from 100°to 490°F.

Core 3 is more reactive than core 2. This requires the rod to be
ingerted more for maintaining criticality. This suggests that the
defect should be evaluated with the rods in, although one would
evaluate with rods at a near critical position.

TABLE XXVI

Negative Temperature Coefficient

Temperature. °F Cents /°F
100 .74
200 1.296
250 1.58
300 . 1.86
350 . 2.14
400 2.42
490 2.92

L. Prompt and Delayed Neutron Characteristics (Core 3)

The prompt neutron lifetime was calculated at full power conditions
during the core life. The values were obtained as part of the output
in the LEOPARD code. It was noticed that the prompt neutron lifetime
is not very sensitive to burn up. .

TABLE XXVII

Prompt Neutron Lifetime versus Burn-up

Burn up MWD Prompt Neutron lifetime (uSec)
0 13,01
27.5 . 12,73
275.0 12,65
687.5 12,58
1375.0 12.46
2750.0 12.32
67




Delayed Neutron Characteristics. The reactivity of the core is
determined by measuring a stable period following a small perturbation
1 and solving the in-hour equation. The in-hour equation is derived
- wherein both prompt and delayed neutrons are included.

L% 6
t=1 1424 T

2* = Prompt neutron lifetime

T = The reactor period (asymptotic value)
sless = Effective delayed neutron fraction
A{ = Decay constant for the precursors.
The first term can be ignored as T >>2*.

The delayed neutrons are born with lower energies than the prompt
ores. This contributes lower leakage probabilities for delayed neutrons,
or in other words, the weight delayed neutron fractiom, B4, should be
multiplied by an importance factor or effectiveness factor to obtain

Blegs:

It is assumed that this importance factor has the same value for -
all the delayed groups. The delayed neutron data were computed by
utilizing information on fission fraction for various isotopes from
the TURBO* code and fast fission and slow fission factors from the -
LEOPARD code.

‘The average thermal neutron flux is calculated to be 875x1012 n/cmzsec
at BOL operating conditionms.
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= 2 TABLE XXVIII
« F
Delayed Neutron Data
1. Shufflgﬂ Core, (Core 3)
Fisnién Break-down Fraction
_ 239
U-235 U-238 Pu (241)
.8688 .0640 0672
Absolute Yield - Total
=235 | u-238 Pu 239-241 Total
2.1598 ' .1680 .1960 2.5238
Absclute Yield ~ Delayed 2
U-235 U-238 Pu 239-241 | Total Group
0476 .0035 0014 .0525 1
; “* ‘ .3016 .0366 .0126 .3508 2
) .2693 10421 .0002 .3206 3
i .5528 .1025 .0130 .6683 4
: .1649 .0561 .0041 .2251 5
0521 .0199 .0023 0743 6
1.3883 .2607 .0426 1.6916"
Decay Constants
U-235 U-238 Pu 239-241 Total Group
,01131 .00091 00034 .01256 1
02659 .00332 .00105 -03096 2
3 .09408 .01861 .00362 .1163}1 3
] .25086 .05511 .00658 .31255 4
( E : .86543 .36882 .01831 1.25256 5
' g 2.28000 1,08122 .06728 3.4285 6
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TABLE XXVIII (cont'd)

5 Fraction Z

8 Effective 3 Group
.0210 L0217 1
.1391 .1439 2
L1271 - .1328 3.
. 2654 .2770 4
.0910 g .0951 5
.0296 .0310 6
.6732 : . 7015

Effectiveness Factor = 1.042 (Ref 13)

M. Local) Uncertainties

The uncerta.nties that should be included to influence the peaking
factors are inlet flow maldistribution, pellet diameter variations,
enrichment variatioas, uranium density variations, etc. The appro-
priate value for use in the MH-1A Core 3 can be calculated with the
following information:

Enrichment variation, Z +4
Density of fuecli elements, 2 +3
Variation in pellct size loading Z + 5

The sbove numbers are based on engineering judgment. The contri-
bution to the peaking factor value combining these variations is
computed to be 1.073. The value does not take into account flow
maldistributions.
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VI. ANALYSIS OF THE SHUFFLED CORE
AFTER EXTENDED DEPLETION OF CORE 2.

.'A. Introduction — Core 3A

As discussed eaclier, if Core 2 were shuffled and refueled after
241 full power days, the resulting new Core would not be able to meet
the stuck rod shut-down margin requirement of -1 percent Lk/k with
use of the modified type control rods. Thus, the decision was made to
extend the analytical TURBO* depletion of Core 2 to 300 full power
days, and then perform the shuffle and zeloading. The resulting core
is called Core 3A to distinguish it from the core resuiting from the
shuffle and refueling of the 241 full power dayvs Core 2.

It is assumed that Core 3A will represent the third core to be

" installed in the MH-1A, and the requisite BOL calculations and depletion

results follow for this specific core.

B. Core 3A, TURBO* BOL Calculations

The BOL calculations for Core JA were made with several refinements
in technique as compared to earlier calcvlations: Both MND and Wigner-
Wilkens (WW) thermal group cross-section sets were considered; buckling
changes were considered; temperature dependent absorber cross-section
seis were used. Table XXIX presents the absorber region constants
used in Core 3A calculations. "
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TABLE XXIX

Core 3A BOL Absorber Constants

Coutrol Rod:
Hot Cold
#m Itx La Ir Ltr ta Ir
1 .2064 .2037x10°2 | 04131 .2087 | .20289x10~2 | .04131
2 .3684 .01292 .2606x10"2 .3732 | .01295 .2660x10~2
3 .4880 4015 1.276x10-3 5113 | .4190 - .1298x10~3
4-MND 15 23 5.509 = 21.44 | 4.599 s
4w 2..06 2.876 - 24,90 | 2.895 =
Shim Rod:
Hot Cold
rou Ler La Lr Ltr La ir
1 2064 .3516x10~3 | .03934 .2087 | .3545x1073 | .039:3
2 .3684 .9186x10-3 | .2606x10~2 .3732 | .9174x103 | .2660x10"2
3 .9236 05744 .1276x10-3 9344 | .05982 .1298x10-3
4-MND .6195 1.343 - .8176 |1.264 -
4-WW .9373 .7043 - 9496 | .7959 -

The L g values are all from LEOPROD calculations while the I ¢y values
have been chosen from either the LEOPROD or the pure stainless steel
values as detailed in the earlier discussion of the ratio criterion

(Section V-B).
calculatione for Core 3A.
Core 3A.

All other cross-sections were obtained from LEOPARD

Table XXX presents the TURBO* results for
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TABLE XXX
Core 3A 30L TURBO* Results
Inner stuck rod, 100°F, MiD: k = 0.998971
Inner stuck rod, 100°F, Wi: k = 0.981365 (B2 = ,1031x10"2)#
Rods out, 100°F, MND: k = 1.15223
Rods out, 100°F, WW: k = 1.15247
Rods out, 490°F, MND: k = 1.08601
Rods out, 490°F, WW: k = 1.08600
Rods in, 100°F, MND: k = 0.949988
Rods in, 100°F, WW: k = 0.927918 (B2 = ,1031x10"))#
Rods in, 100°F, W: k = 0.930665
Rods in, 490°F, MND: k = 0.860551

* A1l other cslculations with B2 = ,939x10™3

One significant result is the sizable difference between the two kess's
for the stuck rod calculation. The kefs obtained using the WW thermal
group cross-section set indicates a stuck-rod shut-down margin of
-1.90 percent Ak/k while the result with the MND cross-section set is
-0.103 percent Ak/k. This latter result for Core 3A is to be compared
to the value of +0.21 percent Ak/k obtained for Core 3.

The question arises: Which calculation, the one using the MND or
the one using the WW set, is to be believed? The literature (p. 454 ff of
Ref. 15) maintains that the WW set results is a better calculation of the
multiplication constant, but due to the too large diffusion lengths which
the W model results in, the MND set represents more accurately the
power peaking and depletion effects.

Since the quantity of intsrest in the stuck rod calculation is
solely the value of keff, the WW set should be used in the calculation.
Thus, the -1.90 percent Ak/k shut-down margin meets the requirement
of -1.0 percent Ak/k. In addition, the MND. calculation also indicates
the core is subcritical for a single stuck rod using the MND cross-
section set (which Core 3 was not). This suggests that the stuck rod
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0.002747 too large when B2 = .939x10™

shut~dewn- requirement be prescribed more rigorously: That

the stuck rod shut-down margin calculated using the W croas-section
set be at least -1 percent 2k/k, and that the core be subcritical

for an identical calculation with the MND cross-section set. Other-
wise, it is conceivable the core meets the -1 percent 2k/k shut-down
margin in the W¥ calculztion, yet has kggf > 1.0 in the MVD calculation.
The simultaneous presence of both criteria for Core 3A gives a con-
fidence in the core's safety in the one stuck rod configuration.

The effect of the two cross-section sets is further clarified
by the results of the rods-in and rods-out calculations presented in
Tabie XXX. The 490°F rods-out calculations for MND and WW cross-
section sets are identical. Similarly, the 100°F rods-out calculations
differ only slightly (the WW calculation yields a keff which is 0.00024
larger). On the contrary, the rods-in calculations indicate a major
difference due to the choice of cross-section gset. Use of the WW set
yields a keff which is 0.(119323 less than the MND value. This effect
is coasistent with the result observed when the stuck rod calculation
was perf rmed with the two sets. Thu=; one concludes that it is the
representation of the control rods themselves which causes the major
difference between the MND and WW results. Assuming the WW result to
yleld the better keff value, it 18 concluded that the MND thermal
group cross-gection set yields a value cf kyogs for the rods-in case
which is approximately 2.08 percent to large.

To observe the effect of buckling change, the rods-in case at
100°F with the W set was run once with B2 = .939x10~3 (the rods-out
hot B2 value suggested by Ref. 13) and once with B2 = .1031x10~2 ( the
rods-in cold BZ value suggested by Ref. 13) in order to observe the
effect of the buckling choice. From the results of Table XXX, it is
concluded that use of the improper bugkling value causes kgff to be

is used for the cold, rods-in
calculations. Table XXXI details the suggested buckling values for
varfous cases from Reference 13.

TABLE XXXI

Suggested Buckling Values

Rods In, Cold: B2 = ,001031
Rods Out, Cold: 32 = .000954
Rods In, Hot: B2 = ,001016
Rods Out, Hot: B2 = ,000939
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;% C. Temperature Defect and Other ROL Parameters

It is assumed that the additional depletion of Core 2 resulting
in Core 3A will not change the overall system parameters (such as
moderator tepperature coefficient, prompt and delayed neutron charac-~
teristics, Doppler coefficient, and wmmcertainty factors) from those
reported for Core 3 in Section V. However, it i{s recognized that the
shut-down wmarging have to be recalculated for Core 3A in the light of
the above comments on choice of th- WW or MND cross-section sets.

Table XXXII presents the results for Core 3A based on the proper
WW cross-—section set.

TABLE XXXII1

Quantities Based On BOL keff Calculations (WW)

Stuck rod shut-down margin: -1.899% sk/k

Temperature defect (from rods out): 5.3112 Ak/k

o 7
11 S

Temperature defect (from rods inm): - 11.4952 tk/k

e e

Shut-down margin (hot): : -19.263% Ak/k

Shut-down margin (cold): -7.768% Ak/k

Excess reactivity (cold): 13.230%2 2k/k

|

2 i
Excess reactivity (hot): i 7.9192 Ak/k ‘

!

f

o falianldiniig, o

Note: Hot = ;90°F moderator; Cold = 100°F moderator

In comparing these results for Cure 3A to those of Core 3, it should be
kept in mind that the control rods for the Core 3 calculations contained

3 depleted followers, while those used in the Core 3A calculations contained
stainless steel followers. For purposes of comparison: The MND value

for the temperature defect found from the rods-in case is 10.941 percent

Ak/k.

As in the case of Core 3, there is again observed a major difference
between the temperature defects obtained from the rods-in and the rods-
out cases. This may be explained by noting the following: With the
control rods fully inserted, the flux is "pushed” out into the core
periphery (i.e., into the reflector/moderator). Since the temperature

75




defect is primarily a moderator density effect, the rods-in case should
result in a larger temperature defect duec to the greater neutron im-
portance in the region where the significant temperature effect occurs.
This rationsle is consistent with the result observed. Thus it is
concluded that the temperature defect is a phenomenon which depends
fairly strongly upon the control rod bank position.

D. Axial and Radial Calculations, and the Peaking Factors

The axial calculations were performed for Core 3A as explained above
in Section V, I and J; thus only the results will be presented here, the
procedures being discussed in the aforementioned sections.

Figures VI-1 through VI-3 present, respectively, the curves for
the integral rod bank worth, the differential rod bank worth, and the
criticel normalized power distribution. From Figure VI-3 it is con-
cluded that at 100°F, the maximum peak-to-average power ratio is 1.29
and is located 14.06 inches from the core base. At 490°F, the maximum
peak-to-average power ratio is 1.96 and is lccated 7.44 inches from the
core base. 7he cold critical bank position is found to be 4.243 inches
withdrawn, while the hot critical bank position is found to be 10.603
inches withdrawn.

As expected, the critical bank positions were lower (i.e., less
withdrawal) for Core 3A than for Core 3 because the control rods for
Core 3 contained borated followers, while those for Core 3A were only
stainless steel. In addition, the axial peaking factor for Core 3A is
slightly less due to its greater burn-up in the shuffled fuel elements.
Unexpectedly, however, there is noted the anomalous cross-over of the
hot and cold worth curves. It is unclear if this is a meaningful
physical effect since the degree of cross-over is approximately equal
to the uncertainty of the calculation. Where the cross—-over occurs,

it may be more meaningful to simply consider the hot and cold worths
to be approximately equal.

The radial power distribution was found, as before, with the TURBO*
program. Tigures VI-4 and VI-5 present the radial power distributions
for the central fuel element (the worst case) for the rods-out and the

rods-in cases, respectively. From the former, it is concluded that
the maximum radial peaking factor is 1.92.

Table XXXIII details the peaking factor contributions for Core 3A
which yield a total peaking factor of 4.04.
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FIG VI-4 MH-1A CORE 3A (RODS OUT)
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TARLE XXXIIX

Core 3JA Peaking Factors

L T ppp— .—' -

Radisl peaking factor: 1.92

Axial peaking factor: . 1.96 {

Enginzering factor: : 1.073 :
Total factor: ; 4.04 i

E. Depletion and Lifetime

The depletion of Core 3A was analvzed using the same procedures
detailed in Section V, C. and D. The number density of boron-10 was
adjusted at the beginning of each time step to maintain k within
appro«imately 2 percent of 1.0. Figure VI-6 presents the resulting
Lk for each time step.

When each £k is subtracted successively from the tnitial keycegs
of 1.086, the result present in Figure VI-7 (marked "kef; summation")
is obtained. From this curve, one concludes that the end of life
condition is attained at a burn-up of 301 full power days, based on
the koff summstion technique (see Section V, C.)

The keff summation technique gives a value of kexcegs = 1.00016
at 300 full pover days. On the other hand, when a rods-out k calcu-
lation is performed at 300 full power days, one obtains kexcegs =
1.01644. This latter value is to be taken as the true one since it
1s not based on a series of cumulative calculations, but is an inde-
pendent k calculation. In addition, rods-out calculations made for
the 350 and 400 full power day points yielded kgycegs values of
1.00782 and 0.999204 respectively (labelled "explicit rods-out" in
Figure VI-7). From these three values it is concluded that the true
end of life of the core occurs at 395 full power days.

Some explanation is warranted of the difference between the end
of life datum obtained by the k,¢f summation technique and by the
explicit rods-out calculztions. The discrepancy in the keeg swmmation
technique arises from the discrete nature of the time steps utilized
in the depletion. A simple, hypothetical depletion will secve as an
example. Say a core has a BOL kexcegs value of 1.010. Two time steps,
0-100 days and 100-200 days, are chosen for the analysis. Using the
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FIG VI-6 MH-1A CORE 3A DEPLETION
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crosg-section set for the first time step {cross-sectioms found for

the 0 days case), say that the Ak found is 0.010. It is concluded
that the core life-time is precisely 100 days. Now, 1f a rods-out
calculation is performed for the 100 days point, the 100-200 day cross-
section set will be used (since the cross-sections are always identified
with the beginning of the time step). This calculation may give, say,
k=1.0005 which contradicts the k = 1.0 expected from the keff summation
calculation. The discrepancy between the two k values is due solely to
the spectrum differences inherent in the two different cross-sections
sets,

Thus 1t is concluded that the discrete nature of the: time steps
(i.e., the cross-sectiows do not vary continuously with time but change
discontinuously with the definition of the time step interval) causes
discrepancies in the kqeff summation technique. Thie technique may be
trusted to indicate the trend that kexcegs takes as buzn-up proceeds;
however, the true kexcegs vValues, as they approach 1.0 must be explicitly
found to determine the ctrue end of liie datum. In the above case of
Core 3A at the 300 day point, an average contribution of 0.003256 to
k for each time step, due to the spectral effects, would contribute
the total discrepancy observed at 300 full power days.

The asymmetry error (see Section V, D,) may again be taken as the
maximum uncertainty in determining the end of life datum -- in this
cage it 1s + 15 days. Thus, the life-time of Core 3A is found to be:

395 + full power days.
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VII. FURTHER DETAILS OF COMPUTER CODES USFD
A. LEGPARD

The LEOPARD code and its input procedures are discussed in Reference
1 and the supplement on its revision in August 1968. Familiarization
with the latter 1s necessary to run the code correctly.

Several miscellaneous comnents are necessary to complement the
information in Reference 1. First, in running successive cases at
different temperatures utilizing the change case option, one must
re-enter the composition description input each time. Second, an end
card with any real number (noninteyer) greater than zero, punched
anywhere in columns 73-80, must be added to the end of the LEOPARD
input deck, otherwise an end-ofi~file error message will result. And
third, if a "1" is punched in column 24 of the options card (the card
immediately following the title card), the program will punch out
the cross-section library fer use in an associated TURBO* calculation.
It should be noted that the "DEC 1015" card is punched last and must
be properly repositioned within the resulting TURBO* deck.

B. LEOPROD

The LEOPROD input deck is almost identical to the LEOPARD input
deck except that some additional cards are required. Two cards are
added after the usual title card. The first card consists of five
fields of four columns each. In the first field an integer IFLAG
is to be punched in column 4. This integer determines what calcu-
lational option is being chosen as detailed in Table XXXIV.

TABLE XXXIV

IFLAG Options

Value of IFLAG Case Considered

Purely absorbing B-SS absorber slab.

Other slab compositions with no scattering.

Tubular absorber rods in cruciform rod.

Absorber slab with scattering present.

No calculation done, only an explanation
of the input required is printed.

[V IP NV S
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el The remaining four fields each contain one integer identifying up
’ to four other elements which may be present in the abscrber besides
boron-10. Table XXXV liets the identifying integer associated with
each element. I1If less than four other elements are required, the re-
maining fields should each have a "25" entered. Do not leave a field
completely blank; all integers should be right justified within their
fieid (e.g., otherwise "6" may be read as "60", etc.).

6 g Ay A RTR TS WA S

TARLE YVNY

Elerent Identificotion for LEOPROD

i e W Kt D

? Element Integer Element Integer Element Integer
: hydrogen 1 manganese 9 F.P. 17
H oxygen 2 U-235 10 B-10 18
; zirconium 3 U-236 11 D 19
i carbon 4 U-238 12 Th-232 20
; iron 5 U-239 13 Pr-233 21
; nickel 6 Pu-240 14 U-234 22
aluminum 7 Pu-241 15 U-233 23
chromium 8 Sm-149 16 U-234 24
) Nothing 25

|

The second card after the title card specifies the number densities
in and the dimension of the absorber region. This card consists of
six fields of twelve columns. The first field is used to input the
boron-10 number density (in atoms per cubic angstrom). The second field
is for one-half the mean chord length in the absorber region. For a
slab this is equal to its thickness; for a rod this is equal to its
radius. In any other geometry, it is equal to twice the absorber
volume, divided by the absorber surface area. The remaining four
: fields are used to enter the number densities of the four other elements,
y besides boron-10, in the absorber. They should be entered in the
same order that they are identified on the previous card. Blank fields
are interpreted as zeroes and allowed. If these two LEOPROD data cards
i are inadvertently reversed in order, an "illegal decimal” error message
P will be printed.

The remaining, usual LEOPARD data cards follow these two LEOPROD
cards. At the end of these, comes the LEOPROD end card. This card
has one field made up of the first twelve columns. If "0.0" is
punched anywhere in this field, the job stops at the end of the current
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case. If "1.0" is punched in this field, the job continues with a
LEOPROD calculation for the next case using the same cell spectrun.
For this next case, only the title and the two LEOPROD input cards
which follow it need be input (plus an appropriate LEOPROD end card).
If "2.0" is punched in this field, the next case is considered as a
completely new calculation with a new cell spectrum being calculated,
For this case, the entire LEOPRUD -~ LEOPARD input deck needs to be
input anew. The purpose of these optioms is to give flexibility in
making multiple runs. Unlike LEOPARD, LEOPROD does not have a
depletion option.

There remains one LEOPROD input card required in a special case
(Ref. 14). If the calculation of constants for a tube-filled cruci-~
form control rod (see Fig VII-1) is desired, i.e., IFLAG is 3, an
additional data cerd is required. This card just precedes the LEOPROD
end card and consists of two fields of twelve columns. The first
field consists of the tube clad thickness, the second field cons!sts
of the tube outer radius. Any units are allowed as long as these two
quantities are consistent. For this option, the dimension entry on
the second LEOPROD card {-he number demsity card) should be the tbe
outer diameter in centimeter units. If the IFLAG = 3 option is not
specified, this data card is absent.

TABLE XXXV1

LEOPROD Compared to LEOPARD

Altered Subroutines Unchanged Subroutines
INPUT HEADER
THERMAL MOVEAA
ED34 ACCUM1
THREE VCL
OUTPUT INGR

Q>
MUFT
SLOW
RESINT
{ Unused Subroutines New Subroutines
BTEST BRANCH
WORKS TUBE1
AKTVAN XPLAIN
COMPOS TABLE
BURN BLOCK
WYE
MASSED
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FIG VII-1 TUBE FILLED CRUCIFORM CONTROL
ROD GEOMETRY
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C. TURBO*

1f the TURBO* cross-section library is punched out by the LEOPARD
modification option, several measures must be taken. First, any blank
columns must have zeroes entered in them for acceptance in TURBO#*,
Second, the "+" sign is omitted from the E format numbers punched
out and must be explicitly entered, where missing, for acceptance
in TURBO*., Third, if additional cards are added to the cross-section

deck, an appropriate change must be made in the final number on the
“DEC 1015" card.
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APPENDIX A
CONTROL ROD CONSTRUCTION

Reactor control is provided by 12 cruciform-shaped control rods
located between the fuel elements. The core complement consists of
12 identical control rods, with the control material boronated stain-
less steel, a material that has been used extensively throughout the
industry for similar control rods. The follower sections of the
control rods consist of welded cruciform-shaped structures of stainless
steel. These cruciform control rods are suspended from top-mounted
rack and pinion drives, and ride within channels formed by the fuel
elements and slots in the core support structure.

TABLE 1

Description of Type I Modified Control Rods

1.

Control material 2.25 w/o enriched 92% B10 in é
austenitic stainless steel ;
Length of borated 36.75 g
stainless steel, in. :
Follower Type 347 stainless steel. %
Length follower, in. 41.9 i
Width of blade, in. 10.8 é
Poison thickness, in. .250 %
Side cladding, in. 0.050 Type 347 stainless steel i
Construction Plates within cladding with solid

follower section.

Each control rod with end fittings is approximately 8 feet in length
and weighs approximately 200 pounds. During scram, the control rods
will be subjected to an acceleration of less than 100 g. The handling
fixtures (fixture at top of rod), the clad, and the fasteners have been
designed to sustain this dynamic load throughout core life.

The poison material is sandwiched between the stainless clad, which
acts as a structural member and transfers the loads from the handling
fixture to the follower section. No strength requirements are imposed
upon the contained poison plates,
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As shown in Table 1, the control material is austenitic stainless
steel containing 2.25 w/o of 92 percent boron. The poison plates are
36.75 inches long and align with the active fuel Yength after the
coatrol rods are attached to the drive mechanisms.

The poison plates are manufactured by making a single casting;
cogging or rough rolling of the billet for break-down and then cutting
the billet into slabs. The slabs are rolled to an appropriate thick-
ness and finish ground. The master plates are cut tramsversly into
widths to use as poison plate material. The end of each control rod
plate is trimmed, and three samples are taken for chemistry and
boron control evaluation.

Chemical sampling showed that the boron content specification was
met within a 95 percent confidence that 95 percent of all material
over the entire volume of the poison plates, and that the maximum
local deviation of boron content was within plus or minus 5 percent
the average.

Each poisen plate is assembled to its cladding components and
line drilled. After disassembly and cleaning, final assembly is
made with screw fasteners which are then tack welded to the cladding.
A threaded boss is welded to the top cruciform filler plece. A
handiing fixture stud is threaded to engage with, and fasten to,
this boss, After adjusting the total length, the fixture stud is
pinned and plug welded.

After assembly and welding have been completed, each of the control

rods are measured for conformance to the envelope requirements of
drawing No. 500050. It straightening is required, a maximum of
.025 inch i{s allowed. Straightening of individual pieces before
agssembly 1s allowed provided the final operation is an annealing
operation. This requirement is to assure that the material in the
control rods, when ‘nserted in the reactor, are in the "relaxed"
condition.

When disconnected from the control rod drive mechanism, the base
of the control rods rest on the core barrel orifice plate (at the
same time, they shadow the entire fuel length of 36 inches).

When connected to the control rod drive mechanism, the rod is
raised a nominal 0.75 inch above the orifice plate, and under scram
conditions, the control rods do not strike the orifice plate.

A description of the differences in design between the original
control rods fabricated by Martin Co. and the rods designated Type I-
Modified and manufactured by NUCOM, is contained in the remainder
of this appendix.
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To increase the reliability and shorten the lead time in procure-
ment, a review was made of the design of the MH-1A Type 1 control rods.
Upon completion of the review, several changes were made in the
febricated package. One set of changes affected the nuclear properties
of the control rod and the other group reflected detail design changes
for increased reliabiliry and decreased cost.

The detail changes which affected the nuclear properties are:

1. A change in the blade widths from two sizes, (i.e.,
the original control rods required 10.229 inches
for the outer group of rods and 10.809 inches for
the immer group of rods) to one size in the present
construction for all 12 rods in the reactor to
10.809 inches.

2. The reduction of three different alloys of stainless
steel with boron to a single alloy of stainless steel
with boron (i.e., the original requirement of S.S. with
2.25 w/o boron enriched 92 percent B0 in the absorber
section and S.S. with .181 w/o natural boron in follower
gection of the inner control rods and S.S. with .039
w/o natural boron in the follower section of the cuter
control rods was changed in present procurement to
2.2 w/o enriched 92 percent B1® in the absorber section
and to standard stainless steel in the follcwer sections
of both inner and outer control rods).

The design changes which reflect increased reliability and
fabricability are:

1. The cladding was reduced in length from 89-1/4 inches to
50-1/4 inches.

2. The blade tip edge of the borated stainless steel was
chamfered to preclude any boron pickup during the
edge clad weld.

3. 1he follower assembly was made as a rigid weldéd structure,
rather than plates held together by the cladding.

4. A minimum ferrite content was specified and maintained
in the edge clad welds.

5. The edge clad weld was specified as a full penetration

to a .035 inch minimum weld rather than a .015-.035
inch penetration weld.

A-3




6. Addition of filler metal rod with controlled ferrite
was specified in tack welding the connectors to the
cladding, rather than a fusion weld with no filler

metal allowed.

7. A .003 inch gap was sperified between the edge clad
and the borated stainless steel absorber, rather than
having the edge clad flush against the borated stain-

less steel.

The number of connectors transferring the loads between the
cladding and other structures was not reduced, but was rearranged.
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