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FOREWORD

One of a series of reports on research and development in connection with

the design of the Pathfinder Afomic Power Plant, this parT}cular report deals
with Boiler Fuel Element Pesign. The Pathfinder Plant is located at a

site near Siéux Falls, South Dakota and reached. criticality early in 1964.
Owners and operators of the plant will be Northern States Power Company of
Minﬁeapolis, Minnesota. Allis-Chalmers is performing the research, develop=-

ment and design, as well as being responsible for plant consfruction.

The Y. S. Atomic Energy Commission, through Confract No. AT(!11-1)-589 with
Northern States Power Company, and éenfral Utilities ATomié.PoweF Associates
(CUAPA) are sponsors of the research and development program. The plant's
reactor will be of the Controlled Recirculation Boi ling Reacfor.Type with

Nuc lear Superheater.
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.0 INTRODUCTION

This report describes the mechanical design of the boiler fuel element

assemb lies comprising the first boiler core of the Pathfinder Reactor. The

nuc lear and heat transfer design and expected performance of these fuel

elements are covered in other reports. The following data are presented

for the purpose of describing the operafing conditions, fuel loading,

expected life and as a basis for the assumptions made in the following

sections of this report:

Core

Mean equivalent outside diameter
Mean equivalent inside diameter
Active fuel length

Vo lume

No. of fuel element assemblies
Average power density

Average specific power
Average heat flux

“Maximum heat flux

Burnout heat f lux

Maximum fuel temp.
Maximum Clad surface temp.
Intet cooling velocity
Exit voids

Pressure Drop (Max)

Fuel Burnup

Core lifetime

Fue! Enrichment ©Y=235

Fuel Loading, U

in
in

n
f13

KW/FT> core vo lume
KW/Kg of Uranium
Btu/hr/ft2
Btu/hr/f12
Btu/hr/f12

oF
OF
Ft/sec

4
Psi

MWD/T
Yr |
w/o
Kg

Fuel Element Assemblies

Fuel Material
Fuel Density
Cladding material
Nozzle material

gm/cc

69.0

31.3

72
123

96

1280

24.0
122,000
447,000
1,080,000

3860
514
13.6

45.5
13.6

10,000
1.5

2.2 & 3.2
6606,

U0,
10.41

Z2irc=2
Stainless Stli




Fuel Element Assemblies

Thermal Power Generafed MW 157.4

Heat Transfer Area Ffz 4397

Coolant Flow Area, Lower Half FTZ . 9.43

Coolant Flow Area, Upper Half ETZ 10.81
...2_



2.0 CONCEPTUAL DESIGN

2.1 Criteria

In order to reduce radial power gradients and for mechanical reasons, the
central superheater was made in a gemerally cylindrical shape. The boiler
. core was then Ioéafed around the superheéfer in two annular regibns con=
taining eight control rods each. For adequate control rod cooling, each of
the eight rods is guided in a fully contained channel. |n the interest of
reducing structural material, the control rod channel walls were made part
of the fuel channels. This resulted in two types of fuel channels; the
four channels clusTered‘around the confrol_cods, and those in the spaces

left over. See‘Figure l.

Preliminary pressure drop results indicated that the probable weight of the
element was not enough to hold it down. This required a holddown scheme of
some sort. |1t was decided to use a massive structure on top of the elements
which also ihcorporafed the above-core control rod guides and flow deflectors.
The holddown structure rested on a stainless steel baffle surrounding the

boi ler core.

The use of a holddown defined a fixed axial area for the fuel elements and

dictated that provision be made for differential expansion.

In view of Pathfinder's high power density, 46 kw/|, it was desirable to take
édyanfage of localized fuel deplietion to reduce within cell peak-to-average

factors. This required some provision for selective orientation of the

fuel element around a contro!l rod channel (control rod followers were not used).
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2.2 Philosophy
After establishing the criteria, the design philosophy for the boiler fuel

e lement was established. Schedule and funds did not allow engineering from
test and development results, but required that a design be established and
sufficient testing done to substantiate the design. This dictated appreciable

conservatism where data or experience were not available.

Mechanical assembly was selected in favor of welded and/or brazed construction.
The conceptual fuel assembly consisted of a number of individual components,
each of which could be inspected and accepted or rejected. These components
were, in turn, to be assembled in such a fashion that any fuffher operations
would not alter them or jeopardize the partially assembled element. Further,
it was decided to set tolerances and requirements which provide complete -
interchangeability of components. However, interchangeability was violated to
some extent by the over-riding requfremenf for a prescribed orientation of the

elements in the channels.

2.3 pBesign

The particular core arrangement required two types of Zircaloy fue!l channels
or boxes. The first (Quad Box) contains a control rod guide channel surrounded

by four boi ler elements. The second (Single Box) contains only one element.

The boxes are fabricated from Zircaloy and have stainless steel base plates

'fasfened to the side walls with flat head machine screws.

The fuel element rests on the base plate, holding the box down to the grid

blafe. The element is, in turn, held down by the holddown structure.




‘The quad boxes contain a cruciform shaped plenum, which is fed from a

coolant hole through the grid plate. The coolant flow then goes through

é number of long, self-orificing ho;es‘info the control rod channel. The
clearance bg%ween the box and fuel elehenT,was selected to provide adeduafe
clearance for fuel insertion. Underwater fuel handling Tesfs.have proven

the c¢learance adequate for easy insertion.

The fuel'element is centered at each end. At the lower end, the nozzle ring
éeﬁfers (sée Figure 3) the box_and element in respect to the core grid plate.
The uppe} end.fiffingqhas a nominal clearance of Q.OSO in. between the box
and. itself. Differential thermal expansion will greatly decrease the

clearance during operation, centering the fuel element at the top.

During operation, the clearance between the tube sheets and the box will be
épproximafely .045 in. The flux peak from The'resulfing water gap was

included in the hot spoT'facTors.

Fréffing corrosionAaTIThe point of contact between tube sheet skid and the

box (when the element is off center at that elevation) is not expected because
the élemenf, experiencing a considerable compressive ]oad (440 Ib), will align
Itself against one side of the box and reméin in that posi+ion. iT is very
unlikely that the element will vibrate as an assembly; i.e., the element will
not oscillate from one side of the box to the other, especially since there
are 81 rods all vibrating in differenf p lanes and at slightly different

frequencies.

Selection of the water fuel ratios (top and bottom) was based on the usual
considérafioms, but was further influenced by the 6resence of the integral

superheater.




The heat flux at the outside surface of the fiel rod was limited by ciad
heat transfer burnout criteria. The established heat flux further dictated

t+he number of fuel rods per assembly and the number of assemblies.

The fuel assembliesvwere designed to operate at average fuel rod specific
bowers of 24 kw/kg of uranium, for average burnups of 6600 MWD/ton and

10,000 MWD/ton for the single and quad box assemblies, respectively.

The stepped fuel reod concept was considered the most economical approach
to compensate for moderator voiding in the upper half of the core, and to

provide power flattening.

The active core length was specified to be 72 in. A vibrational analysis and
éxperimenfs indicated that a 36 in. unsupported rod was marginal at best.
(This test is discussed in Section 4.2). The stepped fuel rod concept lends
i+se|f very readily to a joint and spaéer at the midpoint of the core.
Accordingly, other spacers were located at the midpoints of the upper and
lower core halves. The segmented rod (Figure 3) was chosen since it presented
the most practical méfhod of spacing and preven}ing lateral movement of the
fuel rods. This resulted in a 9 x 9 array with each fuel rod axially seg-

mented into four sections.

The power fraction of each fuel rod segment, core and cell radial hot spot
facfors, and axial power distribution were employed to describe the hottest

fuel rod. The mechanical factors were assumed the same for ail fuel rods.




Fuel elements located in The quad boxes are exposed to a more uneven cell

radial flux distribution (because of the increased quantity of moderator

in the control rod channe]) than fuel elements located in the single boxes.
The inside corner fuel rodgof the quad box element, adjacent to the inter-
section of the cruciform channel is the worst rod from the sTandpoinf of
fission product buildup and temperature. See Figure 2. -Table | shows

the power distribution, radial hot spot factors, and TempéraTure for each

- of the four fuel rod sections that make up the hot fuel rod. The tempera-

tures computed were calculated excluding eccentricity of the péllef. The

boiler core power is |57.4 M¥ with a maximum hot spot factor of 3.5.
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TABLE |

CORE OPERATING PARAMETERS FOR HOTTEST ROD

Beginning of Life

Power Fraction
Radial Hot Spot Factor

Peliet Temp. (centerline)

Pellet Temp. (n@an)

Pellet Temp. (Surféce)

Middle of Life

Power Fraction
Radial Hot Spot Factor
Pellet Temp. (centerline)

Pellet Temp. imean)
End of Life

Power Fraction

Radial Hot Spot Factor

Pel let Temp.'(ceﬁferline)

Pellet Temp. imean)

Pellet Temp. (Surféce)

Rod 1!

Rod | Rod |1l Rod |V
36.74 34.299  19.35¢ 9.643
1.67 .67 1.71 .71
3860 F 3690 F 2409 F 1507 F
2240 F 2155 F  I5I5 F 1064 F

620 F 620 F ~-- ---
31.6% 32.65% 23.4% 12.36%
.56 .56 .54 .54
3226 F 3345 F 2568 F 1644 F
1923 F 1983 F 1594 F 1132 F
26.484  31.01% 27.44% 15.07%
.46 1.46 1.37 1.37
2664 F 3045 F 2652 F 1731 F
1642 F 1833 F 1636 F 1176 F
---------- 620 F 620 F



3.0 DETAIL DESICN

3.1 Description of the Boiler Fuel Element Assembly

Threé Typesvof fuel element assemblies are utilized in the initial boiler
core for the Pathfinder reactor. One type, with fuel enriched to 2.2 w/o
U-235, is optimized for use in quad box locations but can also be used in
single box locations. The others, with kuel enriched to 2.2 and 3.2 w/o

U~-235 respectively, are.designed for use in single box locations only.

Each fuel element assembly includes 8! fuel rods in a 9 x 9 array as

shown in Figure 1.3 of ACNP-5905, and in Figure 3 of this report. Each

fuel rod is axially segmented into four rod sections. These rod sections

are designated as Types |, II, Ill, and |V numbering from bottom to tTop.

The four fuel rod sections are fastened fogefher over tube sheets by a
conventional screwed Joint. These fuel rod sections are made of center less
ground UO2 pellets clad with Zircaloy-z tubing. End caps for the fuel rod
sections are welded to the tubing. Ten types of rod sections are used in

the Pathfinder fuel elements and are shown in Figure 4. Various types of

rod sections are necesséry because there is an‘axial variation of the neutron
fluxiin the core and consequently the fission gas released varies accordingly.
If a fuel rod section were to accommodate the released gases at all locations,
a standardized fuel rod would have to be designed for the worst case. This
would require a decrease in fuel loading in the average position, which in
turn would cause greater local peaking. To avoid these problems, fuel rod
sections were optimized for the specific location they would occupy in the

core. (This was done only for the 2.2 per cent enriched quad box elements).

-
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TABLE 1
FUEL FUEL ROD PELLETS . . -
RODS BUFFER i
0005 [} x. 002
AR S PR PR 348019 0p x.500%"°L6. BUFFER PELLET /—.353 992, 0.x 028" waLL
TYPE I, 1Al 22% 0% XTI . -
TYPE IC 3.2% 22% A G
o - d -
[TvPEmimA | 2% X3 oM = -
Feenc 32% 2% T on . l ne (PELLET STACK)
w !

TvPem 2% a% NONE o oz £.005 . )
TYPE I i2w 22% NONE 10,020 B

TYPE RAVAl  22% 1LE% NONE
TYPE VAl 32% 22% NONE
| i

# PERCENT OF WT Upg, IN LOp

'+ ovsPrOSUM 1N PELLET IN FORM Dy203

noTEs .
7 ALL 22% ENRICHED ELEMENTS CONSIST
OF ROD TYPES 1C,TC, M, IT¢ -

iy {0 SNGLE BOX ELEMENTS
W R T
ALL 2.2% ENRICHED QUAD BOX ELEMENTS

FUEL ROD SECTION-TYPE I, IA, IB¢ IC

toi10

:3480"°°%0D, X500 7"°LG. BUFFER PELLET /m?wlo.x.ozs"WWAu

. < [PELLET STACK)

1820032

FUEL ROD SECTION-TYPE II,IA¢IC

010

~X002 . +002
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16620
.005

" ROD TYEES LA I6.1.0
IV, £ TWA. ELEMENT MAKE-UP 15 S
IN' DWG 43-401-319

18.
FUEL ROD SECTION-TYPE TI
1010

Zaxs"wto.xozs*mzmu\ 3100500, x 5006, BUFFER

! £035 (PELLET STACK)

18707

185655295,
FUEL ROD SECTION-TYPE I

3100 an x.500*%°
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Figure 4...11lustration of Fuel Rod Sections



The following table shows the various‘fypes of fuel rod sections, their

designafion and the type fuel element in which they are used.

TABLE Il
od Type - Fuel Element Location Enrichment

I ' Quad and Single Box 2.2%

IA ; Quad Box Onfy i 2.2%

B Quad Box Only - 2.2%

IC -Single Bex Only - 3.2%

I Quad and Single Box 2.2%

I1A Quad Box Only 2.24

lic Single Box Only 3.2%

P | Quad and Single Box 2.2 and 3.2%
iv Quad and Single Box 2.2 and 3.2%

IVA A Quad and Single Box 2.2 and 3.2%

Fuef rod sections |, IA, etc. and Il, |lA, etc. differ from each other
énly in. that each contains a pellet stack of different length. This
presents a problem in identification, Fuel Rod Sections IC, Ilc; ok, 1y
and VA of 3.2 per cent enrichment are not identified from their 2.2 pef
cenf.counfeﬁparTs in any manner, so they were processed separately to
prevent interchanging with the 2.2 per cent enriched fuel rod sections.
Each fuel rod éecfion is also identified by a serial number which is tied

in to a particular pellet lot and type of pellet. .

A series of grooves turned on the lower end caps, provides a positive means

of Identifying the Type | and || 2.2 per cent enriched fuel rod sections from




their alternates. Fuel rod Sections | and || do not have the end cap
grooves. The‘lowerﬂend caps of Types lA and IlA have a single groove.
End cap of'Type IB has two groovés. It should be noted that the bottom
end caps of‘Rods | and Il differ in Thaf‘fhe end cap of Rod | does not
contain a counter bore. This prevents switching any of the Rod Type I's
with any of the Rod Type I1's during assembly. Rod Types Il and |V are
distinctly differenf‘roas with no possibility of beihg interchanged.

Rod Type IVA has female end caps at both ends. However, the top end

cap does not contain the counterbore shown in the iower end cap. This
prevents the Type |VA rod section from being‘furnéd end for end. The
diameters of‘Types'I and |l are larger than those of Types Iil and 1V,
therefore, there is no possibility of interchanging these rods. ln'
addition to the design precautions, extreme care was Takenhduringrassembly

to insure the correct assembly of the fuel element.

All rod sections, with the exception of Type |V, have buffer pellets

ad jacent to the fission gas space (Figuré 4).' Tﬁe buffer pellets reduce
the flux peaks at the rod joints, which amoﬁg other things, reduces the
temperature in the fission gas sbacé. The enrichment and poison loading
of the buffer pellets for the various rod sections are listed in the

table in Figure 4.

Each rod section contains space to accommodate released gases and differen-—
tial expansion between the pellet stack and the cladding. Figure 5 shows
the fission gas space for each rod section for both the cold and operating

conditions.
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The rod bundle has two regions containing rod sections of different
diameters. Those in the upper half of the core have reduced diameters o

compensate for loss in moderator due to increased steam content.

All fuel element assemblies have a nozzle assembly on the coolant inlet
and a handling fitting on the coolant outlet. The fuel handling fitting
or upper end“fiffihg is designed to accommodate a quick release pin type

handling tool.

The nozzle assembly incorporates a spring which holds the fuel element
égainsf the boiler core holddown assembl§ which, in turn, is supported on
the shroud which surrounds the core. The spring offsets the differential
thermal expansion between the Zircaloy;Z rod cladding and the stainless

stee | shroud.

The round-to-square transition of the flange on the nozzle assembly assists
in providing a smooth transition from the circular flow channel in the
nozzle to the square flow channel in the element. The upper end fitting
has a similar ftransition. The fuel rod support Qrid for the lower rod
bundle is fastened to the nozzle assemb ly with sheet metal skirts and
ééréWs.. THe upper ends of the fuel rods are spaced by means of a stain-

less steel grid which is fastened with screws to the upper end fitting.

Mechanical faéTening of the fuel rods to the fuel rod support grids is
accomp lished with bolts. Figure 3 shows the means of attaching the fuel rods

to the fuel rod support grids at either end of the element. At the lower end,
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all 8| rods are bolted to the support grid, which provides axial and lateral
support. At the upper end only 16 of the rods are bolted. The upper fuel
rod support grid permits axial movement of the fuel rods. In this manner,
the axial restraint is minimized on rods with different thermal expansions
(due to local cell and general heat flux variations). The rod bundle is
iaferally supported every 18.3 inches by 0.028 inch thick tube sheets.

The fuel rod sections making up the fuel rod are fastened together over

the tube sheets by a conventional screwed joint.

3.2 Fuel Rod
3.2.1 Preliminary Design Consideration
The fission gas genérafion depends on the number of fissions and the
ber cent of fission products that are stable gas atoms. The fissien
gas generation and release are also dependent on the fuel volume.
Since the diameter of the fuel rods has beén determined, the variation
in gas volume is dependent on fuel length. Then, too, the fission
product space is dependent on the fuel Iengfh, Thus, the determination
of the fuel length, the fission space length and the volume of gases
released is a reiterative process. The fuel rods are segmented; hence
each fuel! rod section must have provisions fo contain its fission gas
release and the thermal expansion of the fuel column without exceeding

the allowable internal pressure of the fuel rod section.

The active core length was given as approximately 72 in. This length

is measured from the bottom of the fuel stack in Rod Section ! to the
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top of the fuel stack in Rod Section |V. Arbitrary lengths for the
:end caps for Rod Sections | and |V and fission gas space for Rod
Section |V were added to the total core length. This length was then
divided By four to obtain an approximate length for each of the foﬁr

rod sections.

Original design concepts had held the fuel rod sections to equal

lengths. End cap design featured snap rings at ftop and bottom of the
fuel rods. All rods were held at the bottom grid by snap rings while
only 16 rods were to be held at the top grid by snap rings. However,
because of stress corrosion problems and inherent assembly diff iculties,
the end caps were redesigned. All bottom and 16 top end caps are bolted
at the bottom and top end grids, respectively. This, in effect, changed
the tubing lengths used in fabricating the fuel rod sections. In order
to facilitate process controi and standardize on some dimension'of the

fuel rod, the tubing lengths were made all the same.

Because of mechanical considerations, the lengths of the end caps of the
various rod sections are not the same. Hence, the fuel rod sections vary
in length. Since the general overall lengfh of the fuel rod sections had
been determined, the pellet stack length and fission gas length could be
determined. As was mentioned previously, this was a reiterative process.
The pellet stack length was arbitrarily chosen. The fission gas gene-
faTion and release was computed based on this Iengfh. The fission gas

space had to contain all gaseous products plus provide room for the

differential thermal expansion between clad and pe'llet stack length




without exceeding the allowable internal pressure. |f the initial
pellet stack length chosen did not satisfy these reqﬁiremenfs, then
the stack length was adjusted and the process repeated. This was

done until all design parameters were met.

3.2.2 Basic Design Criteria

The foliowing.criferia were used in making an analysis of the fuel rod:

. The analysis was based on the hottest rod in the fuel rod
bund le.

2. The worst operating criteria, during core life, was selected
for each rod section.

3. The UO2 pellet expansion is based upon the change in volume of
the stack.

4. The clad temperature was assumed to be constant for all power
distributions and radial hot spot factors. (The actual temperature
change was negligible).

5. The pellet surface ana inner clad surface were assumed to be at the
same temperature. (620 F in all cases).

6. The maximum inside diameter and minimum wall thickness was used.

7. All the fission gas, external to the uo, pellets, was assumed to
migrate to the fission gas space. No credit was taken for any gap
between pellet and cjéd. |

8. The per cent fission gas release was time averaged over the core
life. The gaseous re lease evaluation rou?iné worked out for the

IBM-704.compuTer.was utilized. The axial profile of the neutfron

flux was fed into the core.
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9. The total fission gas release was assumed to be present for the
WorsT-operaTing case. This is theoretically possible because of
fuel elemenf reshuffliné and control red programming.

0. A smeared thermal conductivity of 1.0 Btu/hr-f+-°F was assumed
for the U0, pellets.

Il. An average gas temperature was computed for the fission gas space.
The temperature was based on coenduction and radiation phenomena.
An 1BM-704 computer code was used to obtain temperature profiles
-Thréugh the gas space. Numerical inTegféTion techniques were
then utilized to calculate the average'gas temperature.

12. Mechanical factors for overpower and rod manipulation were included
in‘The.hoT channel factors.

I3. The moisture content of the o, peliet and helium backfill in the
rod were considered in determining the total volume of gases.

l4. The allowable internal pressure was calculated by an 1BM-1620
éémpufer which considered end effects qf capped Tubing}

5. The gaseous products were assumed to act as a perfect gas.

3.2.3. Fuel Rod Diameter

The cri+eria§for.The mechanica! design of the fuel rod sections were
the overall cold length of the fuel (72 in.) and the diameter of the

fuel pellets at the average oberafiné Tempe;afure.

These dimensions are0.3115 in. and 0.350 in. for the lower and upper
half of the core, respectively. These criteria were established by

heat transfer and nuclear physics.considerafions.



Using the values in Table |, the radial expansion of the pellet was
determined. The aﬁa]ysis of the radial thermal expansion of urasium
dioxide pelle%s was performed by assuming parabolic heat generation
énd:no axial or radial restraints. The analysis that follows was
berformed on the lower half of the core for the maximum hot spot

facfof.

The general equation of a parabola is gjven as y = ArZ + B. One can
assume that this equation describes the profile of the thermal neutron
flux'ahd vo lume heat generation through the pellet (Figure 6). B equals

2

the constant flux and Ar® equals the value of flux at any ra&ial position.

1f the maximum radius of the pellet is b, then the maximum neutron flux
at this point is Ab® and the total neutron flux is AbZ + B. By definition,
the centroid of a parabe la, taken from the vertex, is 2/3 h where h is the
heighT-of pafaséla. The average value of the total neutron flux, ¥y, is then
giveﬁ by: “

(1) "y =2/3 AbZ + B

and is located at the radial position 2/3 Ab2.

Similérly for Pa%abo]ic heat genérafiqn, the average heat generation at
a hoTAspof caﬁ‘be given by anaequafion identical in forh to that given
above. The average heat generation can also be calculated on the basis
of the total power in the boiler and volume of fuel in the core. The
average heaf generation at the hot spot is then given by: |

(2) S =3.62 x 102 P x HSF x PF
.- " NFR x D2 x L
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k Figure 6...Parabolic Neutron Flux Profile Through the Pellet (43-025-884)
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Where:

-§ = Average volumetric heat generation at the hot spot
P = Core power = [57.4 MW
"HSF = Total hot spot factor = 3.5
PF' = Power fraction = 71% for bottem core half
NFR = Number of fuel rods = 15,552
D = Diameter of pellet cold = 0.348"*
L = Length of fuel rod = I.5 f+.

Calculating S on the basis of the above data gives a value of

4 B'_fu/hr-in3 average heat generation at the hot spot. Now

5.012 x 10
the average heat generation and the average neutron flux can be equated

to each ether by dividing by a constant. Hence,

where C is the constant.

This is true since both heat generafioh and neutron flux were assumed
+o be represented by parabolic curves. Then from the Equations | and

"3, the following form can be written

(4) § = 2 Ab2+B
. 3 ¢ c
now let A = N
C
B = M
G

*The cold pellet diameter was computed by the same method being presented.
However, the diameter of the pellet at average operating temperatures (given
by physics considerations) and a hot spot factor of one were used in the
analysis. . .




Then the following equation describing the volumetric heat generation
+hrough the pellet can be written.

5) §=2 N2 +m
Figure 7 was p]oTTed ifilizing physics data generated: for this parti-

cular case. The values of AbZ and B can be read directly from this

curve.

0.8565

1]

B

AbZ 0.9125 - 0.8565 = 0.0560
then from Equation |, y = 0.8938.
The value of § was found to be 5.012 x I®4, hence C'can be determined

By using Equafion 3.

The value of C was computed to be [.783 x 1072, The values of M and
N, constants due to the parabolic heat generafion; can now be computed

and were found to be 48,037 and 96,171, respectively.

These constants are used in the following equation to determine the
bellef diameter at the hot spot. |t should be noted that the curve
in Figure 7 was extrapolated to gi?e values of neutron flux for

diaﬁefers larger than ©.168".

Equation & was used in the pellet diameter analysis.(l?
(6) Ar = - Q [ 'va5 + Mb:5 (3-4y) + 24 bK (I-\))Tb .
- 24 K (1=v) . - L.
Where: i
Ar = change in radius

coefficient of thermal expansion

=)
"

Superscripts refer to references at end of report
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K = +thermal conductivity.

v = Poisson's ratio
b = outside radius of peliet
Tb = surface temperature of pellet
M, N = constants due to paraboiic heat generation

The use of this analysis yielded manufacturing or cold pellet diameters
of 0.348 in. aﬁd 0.310 in. for the lower and upper core halves, respec-
tively. - Pellet diameters at the hot spot were computed to be 0.352

and 0.313 for lower and upper core halves, respectively. [|n order to
determine the inside diameter of the Zircaloy-2 clad, a minimum diame-
tral clearance of 0.0025 in. for the insertion of the pellets and
manufacturing tolerances of + 0.0005 in. on the pellets and + 0.002

for the tube were added to the cold diameter of the pellets. This
yielded a clad ID of 0.353 and 0.315 + 0.002 jn. for the lower and

upper pins, resbecfively.

3.2.4 C(Clad Thickness
The cIaddinngf the fuel rods was designed to be free standing, i.e.,
fo withstand external pressure without requiring support by the U02

pellets.

The clad wall thickness was determined affer consideration of stresses
due to external pressure during corrosion testing. The fuei tubes are
autoclaved at 1600 psi and at - 750 F. The stress due.TO external

pressure was plotted as a function of wall thickness (Figure 8) using
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the equafion:(

() g, = 2P d z
8 2

d22 - dl2
Where:
06 = tangential stress
P = externa! pressure = 1600 Psi
d2 = outside diameter = d, + 2t
dl = maximum inside diameter (0.317 in., 0,355 in.)
+ = wall thickness (0.020 < + £ 0.040)

Wall thickness of 0.028 + 0.002 in. for the 0.353 |D tube and
0.026 +0.00Z in. for the 0.315 |ID tube were picked from Figure 7.
This choice was based on .8 of the yield strength. [+ should be noted

that the above formula is a specialized case of Lame's tormula (thick

wall formula) for external pressure only. The range of wall thicknesses

selected in the analysis dictates that thick walled criterion be
emp loyed. (Wall thickness is greater than ten per cent of the inside
radius). Hence, the mode of failure is net elastic collapse, but the

reachiﬁg of yield stress within the clad wall.

Subsequent to this analysis, a more sophisticated computer code was
derived to calculate the wall thickness. The results obtained showed
that the tube walls could have been siighf]y thinner. However, the

difference in thickness was too smali to justify a change.
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3.2.5 Fuel Rod Ovality
With the wali thicknesses determined from external pressure consi=
derations, iT'was necessary to determine what would be the effect of

tube ovality and how much ovality could be tolerated. The maximum

allowabie“gvalify was determined using The'equafion:(3)
(8) W= _ 2 5 (£/B)
: | +4A, E [N2~l4p R (+/D)3
t L2 -
(1=y?) W, = @)
" Where: . - ~
AO = ovality = D, - d
4
D = mean diameter = DI-+ d
2 »
D, = 'major diameter
d = minor diameter
E = modulus of elasticity = 10.3 x 10° Psi
D = average diameter = |D + t
L = length of fuel rod = 17.25 in.
N = Number of lobes = 2
R = mean radius = D/2
§ = allowable total stress = 16,000 psi
+ = wall thickness E
W = a}lowable pressure on out-of-round tube
W, = critical pressure for elastic failure f_gg_.(‘f/D)3
. . I-u?
u = Poisson's ratio = 0.45

=30~




This equation is ﬁloffed in Figure 9 showing AO vs W. In order to
further evaluate the effects of ovality, a series of cufves were
plotted showing "+'" vs "W" with constant ovality {Figures 10 and I!).
A curve of crifiéai preésﬁre, W., vs thickness, T; was also ploTTed‘

(Figure 12). Inspection of these curves showed the maximum allowable

6vaIiTy Tohbe’é.OOl in.

3.2.6 Allowable |nternal Pressure

The diameters and clad thickness for each rod section were discussed
in Section 3.2.4. The diameter and wall thicknesses were determined
by the mechanical cénfigurafion of the core and the fabrication pro-
cedures qsed in the ménufacfure of the fuel elements, i.e., final

autoclave pressure.

Since the wall thicknesses and diameters of the various fuel rods have
been established, the allewable internal pressure of these rods can be
computed. The maximum inside diameter and minimum wall thicknesses
were used for each case. End restraint of the tube was considered;
hence the maximum tubing stress occurred at the cIad*end cap inter=-
face. This stress includes bending stresses due to the circumferential
strain and pressure stresses due to the differential pressure acting

across the wall.

"The fuel rods are closed on each end by an end cap which is Thick enough
to be considered rigid im comparison to the rod walls. [t was decided

~

that a plot of the stresses versus tube length should be obtained in
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order to determine the location of the maximum stress. The plot was
derived in the forh of g/P where g is the component sTreés and P is the
differential pressure across the tube wall. The allowable internal
pressure is then determined by setting the above term equal to the
allowable stress of the tube. The following equation was used in

computing the interral preésure;

(9) oy " a/P (AP) + PI
\ whére op " ailo&able stress in tube walls
g/P = unit pressure
AP = differential pressure across tube wall, PI-PE
P| = internal pressure
PE = external pressure

The allowable stress of Zircaloy-2 was taken fo be 0.9 the yield
stress at 570 F. |t was also determined that the maximum tota! stress due
to the end effécfs.(i.e., discontinuity forces, thermal stress and the

pressure stress) is below the yield stress for all conditions.

The plot of the unit pressure stress (g/P) versus tube length was
obtained by utilizing a semi-infinite cyiinder computer program. The
code in essence assumes that the tube walls are held rigidly by the end
cap and the axial and circumferential or .hoop sffess components are cal-
culated on this premise. The results are shown on Figures I3 and !4.

With the maximum stress (axial) occurring at the clad-tube interface,
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the maximum al lowable pressures are 1600 psi for Rod Sections | and

Il and 1650 psi for Rod Sections || and V.

The computer code used to calculate the values of unit pressure
éfress, g/P, was a two-part code. The first portion of the code is
used to solve for the discontinuity forces. These are the moment and
shear forces at the fixed”end. The moment and shear forces are then
entered into a second program, aiong with other data, and the unit
pressure stress, 6/P, is computed for .050 in. increments alongifhe
length of the tube out to 1/4 inch. The axial and hoop stresses,
(given in terms of g/P) both inside and outside are calculated. The
fQIIowing pages show the format of the aforementioned codes and also

show a print-out for each one.

3.2.7 Cladding Stress
A summary of the stress in the cladding (assuming infinite tube length)
was made which includes both pressure and thermal stresses. The equaf}ons‘

used were:

4)
Inside stress due to temperature drop across clad.§z
(10) o, =_Ea xf (Tb - Ta) f2 = 1.051
: 2 (1= ;
. (5)
Qutside stress due to temperature drop across clad.
(g *_Ea f3 (Tb - Ta) f3 = -.949

- 2 (=)
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PRINTOUT SHEETS

SEMI—INFINITE CYLINDER INFLUENCE COEFFICIENTS
J.GEORGE - D.BRUESEWITZ - 11/26/62

FORM AI(F6.J,F5.J,E6 0 Fh 0)

FORMAT(3H D=,E11 "L/]31 B=,E11 h//BHPD- E11 4//)
FOQMAT(ITX’HBMl 17X2HQ1)

FORMAT(SHDEL1=, 2XE11.4,4XET1.4/5HANGT=, 2XET1 b, hx511 b//)
FORM AT(47HSEMI—IVF1NITE CYLINDER ~ INFLUENCE COEFFIC!ENTS///)
FORMAT(38HDESCRIPTXON OF CYLINDER BEING ANALYZED/).
FORMATé 3HINSIDE RADIUS,5XF8.3,7X6HINCHES)

FORMAT { 1LHWALL THICKNESS,5XF7.3,7X6HINCHES)
FORMAT ( 14HYOUNGS MODULUS.5XE12%4, 2X3HPST)
FORMAT(15HDESIGN PRESSURE, 5XF6.0, 7X3HPSI//)
FORMAT(//15HEND OF ANALYSIS/)

READT,R1,TH1,E,P

PRINT 5

PRINT 6 -
. PRINT 7,RI

PRINT 8 TH1

PRINT 9,E

PRINT10,P

RM=R1+TH1/2,

D=E*TH1%%3/10,92
B 1.285/ (RM*THT )**,5
PD=—P*RM*¥*2%, 85/(E*TH1)
PRi1NT2,D,B,PD °
U=.5/(B%¥%2%D)
Cl==U -
C2=-U/8

C3=2,%U%B

ch=U

PRINT 3
PRINT4,CT,C2, c3,c4
PRINTIT

STOP -

END
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SEMI=INFINITE CYLINDER - INFLUENCE COEFFICIENTS

DESCRIPTION OF CYLINDER BEING ANALYZED

INSIDE RADIUS -180 INCHES
WALL THICKNESS -018 INCHES
YOUNGS MODULUS 26.0000E+06 PSI
DESIGN PRESSURE 1, PSI

D= 1.3885E+01

B= 2.2031E+01 PRESSURE

N | INFLUENCE

PD=—6.4877E-08 G COEFF.

BM1 Q1
 DEL1= =7.4187E-05 . =333673E-06
ANGI=  3.26886-03  7.4187E-05

END OF ANALYSIS
sToP
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P L I Y ’ '.
W= OV 00N G\ EW N

DIME usxog'x(16) l b E10.1)
FORMAT(F6.3,F5.3,E6.0,F4.0,E10.4, ' :
FoRY §6HSﬁAO— éln u/sHSHnl— ,ET11. L]6HSAM = ,E11 h//)

FORMAT
rORMArngx_,Fe 2, LXETT L, UXETT Wb, MXETT. b, BXET] 4/)
FORMAT (16X36HSTRESSES IN'A SEMI-INFINITE CYLINDER///)
FORIAT(38HDESCRIPTION OF CYLINDER BEING ANALYZED/) -
FORMAT(13HINSIDE RADIUS,5XF8.3,7Y%6HINCHES) <
FORMATgthUALL THICKNESS, 5XF7.3, 7X6HINCHES)
FORMAT { 1LHYOUNGS MODULUS, 5XE12-k, 2X3HPSI;
FORMAT (15HDESIGN PRESSURE,5XF6.0.7X3HPSI
FORMAT ( 1BHEND BENDING MOMENT, 2XE11.k,2XBHIN-LB/IN)
FORMAT(15HEND SHEAR FORCE,5XET1.h4,2X5HLB/IN//)
FORMAT (16X3HSHO, 12X3HSHI, 12X3HSAO 12X3HSAI/)
FORMAT (//15HEND OF ANALYSIS/) :
READ1,RI,THT,E,P,BM1,Q1 -
PRINT & ‘
PRINT 5
PRINT6, RI
PRINT7, TH1

_ PRINTS,E

" PRINTY,P .
PRINT10, BM1
PRINT11,Q1 -
RM=RI+TH1/2.

15.

DX AKX AKX X R XX XX
LR o e e b e

D=E*TH1**3/10.92 .-
B=1. 285/(RM*TH1)** 5
U=, 5/(B % 2%D) N
YY—(RI+THI)/RI‘
SAM=1./(YY*¥%2=1,)*P .

CSHMI=(YY*%241 ., )/(YY**ZQI )P

SHMO=2 .* SAM

PRINT2, SHMO, SHM1 ;' SAM
PRINT12

X(1)=0

>

~~~

s e "'\ NN
.

St G WO PO Ovvvvvvvv
W n .
BN aounnnidowFTWNe=te o

w
O DK\ e e s e s

SX=C

QX=SX+TX

RX=SX~-TX .
DELX=—U*BM1*RX-U%*SX*Q1/B
BMYX=BM1%*QX+Q1*TX/B -
SHO=SHMO-E*DELX/RM-1. 8’BMX/(TH1**2):
SAQ=SAM=6 ,¥BMX/TH1**2
SH1=SHM|=E*DELX/RM+1 8*BMX/(TH1**2)
SA1=SAM+6 ., *BMX/THI*¥*2

PRINT3,X( 1), SHO, SHI, SAO, SAl

: PRlNT13

.STOP.
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STRESSES IN A 'SEMI-INFIN]TE CYLINDER

DESCRIPTION OF CYLINDER BEING ANALYZED

1HMSIDE RADIUS .180 INCHES
WALL THICKNESS .018 . INCHES
YOUNGS MODULUS 26.0000E+06 PSI-
DESIGN PRESSURE 1. PSI .
END BENDING MOMENT 8.7600E-0L IN=-LB/IN
END SHEAR FORCE -3.8600E-02 LB/IN
SHMO= 9.5238E-00
SHMl= 1.0523E+01
SAM = 4,7619E-00
HOOP HOOP

UNIT PRESSURE STRESS STRESS

STRESSES OUTSIDE INSIDE
X= .00  =4,2837E-00 6. 4496E-00
X= .05 6.2408E=00 5.8180E-00
X= .10 1.0062E+01 '9.5592E-00
X= .15 1.00L8E+01 1.0753E+01
‘X= .20 9.6220E-00 1,06995+01
X= .25 9.4953E-00 . 1.0551E+01

_4_7)_

AXIAL
STRESS
OUTSIDE

-1.1460E+01
7.1332E-00
7 .2670E-00
5.2530E-00

' 4,6327E=-00

4.6688E~00

AXITAL

STRESS

INSIDE
2.098L4E+01
2 .3905E-00
2.2567E-00
h.2707E-00
L4.8910E-00

4 .8549E-00




Stress

Stress

where

(13) o, = PIaZ - szz + a% b2/P% (P - Py)
- b2 - a2 -
(14) g, =P’ - Pzpz
- b2 - a2
a = inside radius
b = outside radius
E = 10.3 x 10° psi
f = factor which is function of 1.D./0.D.
Pl = internal pressure (previous éecfion)
P2 = external pressﬁre - A
ATd = axial temperature change in one diameter
.T% = +temperature at inside radius
Tb = temperature at outside radius
a = coefficient of thermal expansion
pw = Poisson's Ratio
= general radius (value depends on whether stress is wanted
.at the inner or outer tube surface).
- g = stress )
o, .= +thermal stress at inside,:TangenTial and axial
o, = thermal stress at outside, tangential and axial
o, = axial thermal stress due to ATd
o, = axial pressure stress
OT = +tangential pressure stress

(6)

due to axial temperature drop.

(12) o, = 1/2 a E AT,

(7

due to |nternal Pressure.’
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The solutions of these equations for all combinations of minimum,
nominal and maximum inside diameters, and minimum, nominal and maximum
wall thicknesses resulted in maximum hoop stresses of 12,760 psi in the
0.353 in. ID by .026 in. wall tube and 12,786 psi in the .317 in. |D by
,024 in. wall fube. Maximum axial stresses were 12,758 psi and II;994
psi in the .353 in. ID and .317 in. ID tubes respectively. All these
stresses are below Tﬁe yield stress of Zircaloy-2 at operating tem-
perature. The previous equations and subsequent maximum stresses did
not include end effects which are present in tubes of finite length.
However, these effects were considered in Section 3.2.6 in determining
allowable internal pressure, such that the yield stress of the cladding

is not exceeded by the maximum internal pressure.

3.2.8 Fission Gas Generation and Release

As mentioned previously, the generation of gas atoms per rod is

dependent on the burnup in the fuel rod, the amount of UOz,in the rod

and the number of stable fission products produced per fission. This
information was generated by the Physics Section. Since the fuel stack
is not known initially, iT must be approximated. This approximated
length is also used to calculate the length of the hot fission gas

space. (It should be noted that fission gas gemeration and release
increase with stack length. However, the increase in stack length is
small, such that the increase in géses is negligible, and the approximate

cold length was used).

~
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The fission gas release within all Pathfinder fuel rods was determined
By the utilization of the IBM-704 GRER (Gaseous Release Evaluatien Routine)

program.(a) The assumpTioﬁé intrinsic to the code are as fol lows:
l. Fissién products are assumed to be released by a temperature-
depemdenf diffusion process.
2. Fuel temperatures are determined by assuming only radial heat
conduction through the fuel material.
.3. Thermal conductivity of UO2 was assumed to be independent of
temperature and was taken as 1.0 Btu/hr-f+-°F.
4. The fuel pellet surface Temperafufe is assumed to be constant
élong the axial length of the rod.
5. Only stable fission gas products,- long half-lives, are
considered.
6. Density of UO2 was assumed constant at 93 per cent of theoretical.

7. A power profile table is used to provide the variation of boiler

power with axial length along the boiler fuel rod.

The equivalent - sphere hypothesis, as proposed by Boofh,Fg%'was used

as the diffusion model. The equivalent radius of the isothermal spheres
is assumed coenstant for a’given uranium dioxide fuel material density and
specific surface. Values of the specific surfaces were deferminedflo)
experimenfally as a function of the bulk fuel density by Aronson. The

diffusion coefficient as determined experimental ly has been corre lated

by the Arrhenius equation. An activation energy of 115,000 cal/mol above
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000 C and 850 cal/mol below 1000 C for xenon and krypton, as

suggested by J. D. Eichenburg.

Large temperature gradients, both radiafly and axially, are present 'in
operating nuclear fuel rods. The sensitivity of the gaseous diffusion
rate to temperature and the diffusion mode| used, required a detai led

temperature prediction calculation.

For temperature and fission gas release evaluation purposes, the fuel
éssembly is divided into four axial! elements. The volumetric heat
-generation within a:TypicaI rod within each axial element is determined
from the total input channe!l power and the supplied axial power shape.
Time?infégrafed hot channel factors obtained by physics calculations
were emp loyed to thermally describe the hottest boiler fuel rod. As
was mentioned previously, the hottest fuel rods in the lower half of
the core occur at beginning of life, and end of life conditions are
used to describe the hottest fuel rods in the upper half of the core.
The axial power shape for alllfqek rod sections was calculated ffom

bhysics considerations and was entered into the code.

The typical rod for each of the axial elements is .further subdivided
into 20 equal Iengfhé and the volumetric heat generation within each
.length calculated using the elemental volumetric power and axial power

profile. Each incremental length of the fuel pin is then considered
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to consist of 10 concentric shells or radial rings of equal wall
thickness. As the assumption of constant radial heat generation
across the fuel rod has been made, the volumetric heat generation

in each shell within a given incremental length is constant.

The temperature for each incremental shell is then calculated,

éssuming conduction +o be the only mode of heat transfer. The UO2 =
thermal conductivity was assumed constant independent of temperature

and was conservatively taken to be 1.0 Btu/hr/ft/°F. The fuel pellet
surface temperature, assumed constant along the axial iength of the

rpd,was +aken to be 600 F.

With the fuel temperature establiished fpr each cylindricalfsherl'in the
fuel rod, the fission gas fractional release is calculated. The
diffusion constants for each shell are determined using the previously
calculated shell temperature. An irradiation time of 515 days was

assumed for all axial elements.

The results of the Pathfinder boiler core fission gas analysis are

summarized in Table I11. All data is for most severe operating conditions.

TABLE 111

Rod # | Rod #2 Rod #3 Rod #4

Average U0, Temperature 1771 °F 1694 °F 1245 °F 903 °F

Maximum Center line Temperature 3217 9F 3080 °F 225 ©F 1684 ©F

Total Fission Gas Re lease per )
Element (%) 26.26% 20.70% 2.14g 2.03




3.2.9 Fission Gas Temperature

An analysis to establish the temperature distribution in the vicinity
of the fuel rod end caps was conducted. Of special interest was the
temperature profile through the fission gas space. The temperatures
were computed on an [BM-704 computer, using the PDQ neutron diffusion
prdgram.f__? The calculation made was based on the power generation
in the pellet édjacenf to the gas space. Both radiation and con-

duction were considered in the temperature derivation.

The temperature varies with both increase or decrease in the fission
gas length and power distribution in the fuel rod section. Here again

the -interdependence of the various fuel rod parameters is shown.

The temperatures were printed out in a network which simulated the

the physical configuration of the end cap, fission gas space and

ad jacent pellet. This analysis used the hot length of the fission gas
space. The radialifemperafure distribution across the fission gas space
was Then'pIoTTed for a series of axial locations. Figure 15 shows such

a plot.

The curves were then numerically integrated to obtain an average fission
Qas temperature. The curves were integrated by using the system of cy-
lindrical shells, for which the following equation was derived,

dr

r

(1) Tpe =L2m

ol il Besl]
a |-

- v 2
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Figure 15...Radial Temperature Distribution in Fission Gas Space (43-025-880)
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but dr was chosen as a constant, hence the formula reduces to the
following:

(16) TAVE=z§f

TR

In the above formula, the only remaining variables are the radius and
+empera+ure. As was previously mentioned, the gas temperature does
vary with the Iengfﬁ of the fission gas space. The temperature was
calculated for the smallest fission gas space for each rod section.

This temperature was then used for all other operating conditions.

3.2.10 Clad and Pellet Expansion

All design and stress analysis thus far had been concerned with the
radial dimensions of the fuel rod. The design which remained was to
determine the length of fuel in each rod and the lengths of the rods
themse lves. There were two major problems in arriving at the length

of fuel in,Thé fuel rods. One probiem was differential therma! expansion
between the fuel and the clad, and the other was that after differential
expansion there had to be sufficient space within the cladding to

contain the fission gas re leased during operation. An initial

%analysis was made to determine the axial thermal expansion of uranium

dioxide pellets which used the equafion (12);

(D) AL = Ly [(F+ W aTg - paTaye - aT | = KL,
where:
AL = thermal expansion of UO2
L = maximum cold length of UO2
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K = Poisson's ratio = 0.3

a = thermal coefficient of expansion = 5.8 x 107 in/in °F
TE = centerline temp. °F ‘
TAVE= average temp. °F ;

-‘T - = room temp. °F

The temperatures are known since They are dependent on the diameters

of pellets and cladding, and power level. Through trial and error, an
approximate cladding length and an approximéfe fuel length were known.
The end caps had also been designed at this point. Considering the
criteria that the overall cold length of the core was to be 72 in.,

fﬁe approximate values were used and a shoulder length on the fuel rods
was determined. Since the end cap dimensions were known, this gave a
mef;l-?o-mefal length inside the rod. The amount of fission gas released

was determined as previously describedtl An equafioh was then written

for the méximum cold length of the UOZ:

(18) L, =Ly -AL-L

(6] _ FG
= Lf - KLo - LEG
Lo = Lf - LEG
' o+ K-
where: i
: LT = metal-to-metal hot, minimum
Keoo= (L +p) aTE " el e ~ alg
beg © length for:fission gas
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New data on the thermal expansion of U0, was acquired after the -above

(13)

analysis was conducted. This data pointed out that the value given

for the coefficient of expansion (5.8 x lOm6 in/in®F) was low. In the
previous analysis the coefficient of expansion was assumed to be inde-
pendent of temperature. However, the new data (Fiéure 16) showed this
assumption to be in error and hence the new proéedure for-calculafing
the thermal expansion of uranium dioxide was undertaken. [T was
reasoned that since the equation from Reference 9 assumed that the

pel let column is composed of an infinite number of thin discs which
offer only radial restraint, that the use of this equatidn is overly
cog;ervafive. The result of this radial restraint is that the cooler
UO2 near the surface restrains the hotter material near the center of
the pellet from expanding radially. Consequently, the axial expansion
at the center is increased by Poisson's ratio as noted in the first

term in brackets in Bquation 17. Since the actual pellets crack both

radially and circumferentially, this radial restraint cannot exisft.

A more realistic approach is believed to encompass the change in volume
of the stack. |t seems reasonable that effective axial expansion may be
 conservatively calculated by averaging the expansion: of the hot half of
the U0, column (AL = ag IE Lo) and the cool half of the co lumn

(AL = CAVE TAVEiLé)“* A 5érébélic temperature profile exists across the
ﬁOé pellet thus, half of the pellet will be warmer than TAVE and half
will be cooler. Hence the average ofthese two expgqsiohs should be a4

fair, though conservative estimate of what the pellet column will

actually do.
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The expansion ratios corresponding to the centerline and average
+empera+ures were selected from Figure 16. The average value of
these ratios was then used to determine the hot length of the uranium
dioxide column. The cold length of the pellet stack was that used to
compute the fission gas generation and release. The maximum expansion

for the most severe operating conditions was appréximafely 7/16 in,

The mean tube temperature, considering the maximum hot spot factors,
was calculated to be 569 F and 565 F for the lower and upper core
halves respectively. Repér? HW-609®8, "A Report of the Properties of
Zircaloy-2" gives a value of 3.41 ¢ 107° in/in°F for the coefficient

of expansién of Zircaloy=2 at 570 F. This is sdfficienfly close to the
temperatures of the clad at both ubper.and lower core halves so that no
correction is necessary. The metal-to-metal dimensions determined
earlier are used to compute the increase in length of the clad.
(Pertinent data on core and fuel lengths is shown in Figure 5). Sub-
%racfing the maximum hot pellet stack length from the minimim meta l-
to-metal length, hot, gives the minimum fission gas length at tempera-
ture. The radial expansion of the cladding was also considered. The
area increase was calculated by utilizing the surface boéffféienf of

expansion. Thus, the minimum volume, at temperature can be computed.

3.2.11 Determination of Gas Space
The minimum fissiom gas space (het) is the fission gas space cold plus

the difference in expansion between the Zircaloy-2 cladding :and the UO2
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pellets. The average temperature of the pellets is greater than that
of the clad. This factor coupled with Zircaloy=2's relatively low
coefficient of'expansion results in the pellets expanding more than

the cladding. Thus, the fission gas length decreases with temperature.

The fiss ion gas generafion and release is a.funcfion‘of the pellet
stack length. The gas temperature is dependénf on the length of the
gas space. Therefore, a reiterative processAwés utilized in calcu-
lating the réquired gas space. The general rod section length was
dictated by the mechanicall configurafion of the core. Hence, a pellet
sTackAIengfh and fission gas space were chosen, the Te%beréfﬁres and
expansions calculated, the fission gas release and temperatures were
computed and the volume of the fission gas (hot) was compared with the
available velume; if the resulting fission gas bressure exceeded the
desién pressure,.then a new pellet stack length and f?ssion gas space
was chosen. The process continued until the fission ga; pressure was
less than the maximum design pressure. |n comﬁufing the fisSion.gas
space, the diameter of the fuel rod secTion is fixed. The maximum
tube internal diameter and minimum wall thickness were used. This in
turn limits the allowable stress in the tube walls and the allowable

pressure in the fuel rod tube.

In computing the fission gas pressure, the total volume of gases was

used. This includes moisture content of pellets, he lium backfill of .

_,56._



fuel rods and the fission gas itself.

ManufacTuring procedures dictate backfilling the fuel rods with helium
at one atmosphere pressure. Hence by utilizing the maximum infernal
diameter, credit is given for the maximum volume of helium in Tﬁe

fuel rod section. Therefore, a volume of helium, equal to the fission
gas space cold, plué gap between pellet and clad, and converted to

standard conditions, must be added to the volume of fission gas.

Manu%acTuring and handling procedures permit moisture absorption by the
UOZ pellets. Hence, a pellet-drying procedure has been incorporated

into the manufacturing sequence just prior to welding the second end

cap onto fhe rod sections. This procedure consists of heating the
uncapped tubes in an evacdaféd oven for several hohrs. However, one
cannot be sure that all moisture has been removed by using this proce-
dure. Hence, a conservative allowance of 10 ppm moisture per peliet is
made. The equivalent gas volume at standard éondifions has been calcu-
lated for each pellet stack. The total volume of gases then at standard
conditions is the sum of the three components, that ig“hel?um; equivalent

gas due to moisture, and the fission gas itself.

Then by knowing the total volume of gas, the gas temperature and the
vo lume of the gas space, the internal pressure in the fuel rod section
could be calculated. The internal pressure was calculated by using ‘the

following ideal gas eqﬁafions:
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(o PV Py,

T T

(and rearranging terms)

P2 = P'VIT
Vle
Where:
Pl = atmospheric pressure
Vi = +total volume of gases @ standard conditions
T' = standard temperature
PZ ¥‘ pressure in gas space
v2 = volume of fission gas space (hot)
T2 = average temperature of fission gés‘spéce ‘

This pressure is then compared to the allowable pressure which had been
determined previously. |f the allowable pressure is exceeded by the
internal gas pressure, Tﬁen the enTire process must be repeated and a

new pellet stack length chosen.

-Affer a ﬁellgt‘sfack length and gas space had been established that
éafisfied all parameters at the worst operating conditions, a graph of
radial hot spot factors versus gas spaée was plotted. Curves of constant
power fractions were drawn for the 2.2 ber cent enriched quad box fuel
rod sections (Figure 17). Only Rod Types | and || were considered since
" the gés space length af-fhe worst opérafing condition, for Rod Types |1}l
and |V, was small in comparison.' Thus, there is no advantage in Having

modified rod -sections in the upper‘half-of the core.
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Figure 17...Fission Gas Space vs Hot Spot Factor (43-025-449)
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A plan view of the flux profile (radial factors) across Rod Types |
and |l (2.2 per cent quad box elémenf) was obfa}ned. In this manner

the location and required gas space for these rods was defermined.

Gas spaces for the 2.2 per cent and 3.2 per cent enriched single box
e lements were also determined for their respective worst operating
conditions. Since the flux profile is almost uniform across the
single boxes, all rods in each of the axial quarters are the same.

All dimensions for the various fuel rods are shown in Figure 4.

3.2.12 Fuel Rod Assemblies

All of the various types of fuel rod sections-are used in the 2.2

per cent enriched quad box element. Seventeen Type I-A's, one Type
I-B, and 63 Type I's were required in the lower axial quarter of the
typical quad‘box element. Three Type |I-A's and 78 Type li's were.
required in the middle lower axial quarter. There are 81 Type Ill's
in the middle upper axial quarter. As was mentioned previéusly, the
TypPe [V-A differs from the Type IV only in the configuration of the
Opper.end cap. Sixteen Typé lV-A's are utilized to hold the assembly

together.

A typical quad box fuel element is shown in Figure 3..1The corner rod

and ad jacent rods will be positioned in the Eegions of the highest f lux
in the quad box. Proper orfenfafion in the quad box is determined by a
nickel plug IocaTedvin the top end fitting. This plué, shown in Figure

3, is locafed above the inside corner rod. Orientation of the fuel
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element within the quad box is shown in Figure 2. This nickel plug
also serves as a means of dffferenfiafing between the 2.2 per cent
enriched single and quad box elements. The 2.2 per cent enriched

single box elements do not have the nickel inserts.

The 2.2 per cent enriched single box element is identical in outer
éppearance to the 2.2 perAcenT quad box element, except in regard to the
aforementioned nickel insert. However, the two lower axial quarters

- of the single box element are cohposed solely of fuel rod ;ecfions

Type | and I1.

The 3.2 per cent enriched single box elements have rod section Types

I-C and |1-C for the lower and lower middle axial quarters, resbecfively.
Axial quarfters Il and IV will contain the Types |I| and Types |V and
IV-A, respectively. Thé 3.2 per cent elements will have fhg upber end

fitting chrome plated. This will differentiate between the 2.2 per

cent and the 3.2 per cent single box elements.

3.2.13 Column Loads on Supporting Fuel Rods

The total compressive load on the upper fuel bdndie is equal to the
bre-compression of the nozzle spring plus the product of the pressure
drop, end to end, and the area of the bundle, or 440 |ib compressive
load. The maximum allowablé column load on one rod wés determined

according to the tangent modulus 'I'heory(I ) using the equation:

= ‘ | -4
20y P = wef! A _83x 107
P/A = S
—6[-



ST = stress corresponding fo critical load
P. = critical load
T
ET‘ = +tangent modu lus
L = length = 18.4 in.
r = radius of‘gyrafion = 0.338 in.

By use of the curve on Figure 18, P, was found to be 290 Ib by trial

and error.

Another type of failure of thin cylindrical shells axially loaded is.

collapse of the walls. This was investigated using the eqUaTion:(IS)

5 = . 1.5
21y P o nz + K +!24/p
. 273K -
Where: N
P = critical load
ayp .= vyield stress = 16,000 psi
1 = wall thickness = 0.024 in.
D = mean diameter = 0.337 in.
ks ML 1263
2 [3("u2)] #
[ = Poisson's‘Rafio = 0,45
Which yields

P = 213.8 Ib for the 0.315 0D rod
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Figure 18...Stress-Strain Curve for Zircaloy-2 Showing
Tangent Modulus  (43-024-696)
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These calculations show that the minimum load which could have any
adverse éffecf on a rod would be 2I3.8 Ib. Since Tﬁere are sixteen
long rods with bolts in the upper fuel rod section, the sixteen fuel
. rods at these locations will supporT the compressive load, therefore,
the load per rod would be 440 - 27.5 Ib, which is substantially less
than the allowable load. ng compressive load of 440 |b consists of

the pre-compression on The'spring, the compression of the spring caused

by the holddown fixture and the hydraulic forces.

3.2.14 Thermal Bowing of Fuel Rods

The def lection of the fuel rods due to a temperature gradient across

the rod diameter was investigated using the equafion:(l3)
. _ : 2
(22) 5 = a AT L
max —_—
- 8d
Where -6
a = thermal expansion coefficient = 3.4 x 10 in/in°F
AT = temperature drop across rod diameter
L = rod length between supports
d = rod 0D
8 = maximum def lection
- max

Results of this calculation are plotted on Figure 19. These results
show that thermal bowing will mot be significanf because an impossible
heat flux distribution would be required to give sufficieh+ temperature

drop across the rod to cause problems.
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Figure 19...Boiler Fuel Rod Thermal Bowing  (43-024-697)

~65-



3.2.15 Vibration of Fuel Rods
Natural frequency of fuel rods was plotted as a function of length to
assure that the natural frequency of the fuel rods did not coincide

with the recirculation pump frequency of 628 cps. The equations used

were:

23y t+ = |1.51 E

(23) n J 7 for pinned ends

VWL
24) f = 3.5 [gE I ,
(24 n J fixed ends
w L4‘ .

~ Where

f = natural freduency

n

g = 386 in/sec?

E = Young's Modulus = 10.3 x IO6 psi

| = section moment of inertia

W = weight per unit length

-
il

length

It was assumed that "EI'" applied to the rod only and "W" applied to
sum of rod plus UOZ.. lﬁ Figure 20, it can be seen ThéT.The natural

frequency of the rod is sufficiently removed from pump frequency.

3.2.16 Transients
Some attention must also be given to the startup 'and shutdown proce~
dures. Since the various reactor parameters are in a constant state

of change during startup and shutdown, one must ensure that the internal

pressure in the fuel rod sections does not exceed the allowable pressure.
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Figure 20...Fuel Rod Vibration Frequencies vs Rod Length  (43-024-698)
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3.3

A plot of the various factors, allowable pressure, internal pressure

and system pressure for Rod Section | is shown in Figure 21. The
effect on allowable pressure, of the decrease in external breséure,
is more pronounced than the increase in allowable stress (lower
Tempérafure) at bulk temperatures near Thé maximum. This accounfs

for the dipfin the allowable pressure curve.

The internal pressure curves (Curves 2 and 3) are conservative since -
fhe:pressure is assumed to bemproporfional +5 the temperature only.

In the actual case, fhe gas space will also increase as the temperature
aecreases. Then, too, the reactor power decreases more rapidly than
pressure, so the temperature is not linear as assumed. The results of
this analysis (Figure 21), show that the transient sTarTOp and shutdown

conditions will not exceed previously established design limits.

Fuel E lement Hardware

3.3, | Suppor+ Grids

Axial support of the fuel rods is provided by supporf grids, (Figure 22)
located at each end of the assembled fuel rods. Stainless bo Its proJec%
through the support grids énd are screwed into the end caps of Rods |

and |V-A.

The grid was originally designed to be fastened with retaining rings and
a 1000 Ib load cell was to be used to limit the lifting capacity of the
fuel handling crane. With a minimum of 60 retaining rings in place, the

load was distributed over the grid. Sfréss analysis of a worst possible
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case determined the thickness of the grid to be 0.625 in.

After it was decided to use bolts instead of retaining rings, the
load was no longer supported by 60 rods with retaining rings but,
instead, by some Iesger number of bolts. |t was desirable not to
increase the thickness of the grid in makihg the change and it was
also desirable to increase the limit of lifting from 1000 Ib to

2000 Ib which is the design capacity of the crane. The criteria

for location of the bolts was that the rods having bolts should
operate at nearly the same temperature. Since the hot spots occur
mainly in the outer row of rods, it was therefore undesirable to put
bolts at these locations. The fact that stresses in the grid are
higher with loads near the center meant that the best location for
the bolts would be in the second row of rods. The grid stresses were
analyzed by assuming a total of fourteen bolts located in the second
row and éonSidering only one row of the grid itself having a 3/32 in.
web. A bending stress of 21,800 psi was calculated for these condi-
tions. Therefore, the grid will not yield under the worst éendifions
of loadiﬁg. {n assembly of the fuel element, 16 bolts were specified,

located as shown in Figure 22.

e i -
The fuel element is tied together by means of skirts which are welded
to' the support grids and screwed to the respective end fittings. For
the purpose of welding the skirts fto the grid, there are 0.049 in.

wide nubs on the outside of the grid. There are 0.050 in. slots in

the skirts which match up~Wi+h these nubs for fusion welding.




3.3.2 Skirts
The skirT§¢consisT of a4 in. wide strip of No. 16 gage 304L stainless
stee| used to connect the lower and upper end fittings to the fuel rod
bundle. They are attached to the fuel support gfids and the end
fittings as described above. The skirts on the upper end have a

0.042 in. offset to compensafe.for the difference in size between the
upper flange and the upper fuel support grid. Rather than attempt to
‘calculate the stresses in these offset column loaded strips, a proto-
type was built and tested. This prototype withstood a compréssive load
of 6000 Ib at room temperature without failure or visible buckling.
Since the maximum compressive load imposed during operation is only

440 |b @ 500 F, the skirts will not fail in operation.

After the skirts are welded to the support grids, the largest section
(across the welds) will fit in a 4.880 in. square envelope and therefore

will fit easily in the 4.985 in. minimum box.

3.3.3 Tube Sheets

The fuel element is laterally supported at each joint by a tube sheet.
The criteria for design of the tube sheet was that it offered a minimum .
6f akial restraint and a maximum of lateral support to the fuel rods
with a minimum decrease in flow area. The rod spacing was determined
trom physics and heat franster considerations which required that there
be 8| rods on a square pitch, 0.535 in. on center, in a 9 x 9 array.

The tube sheet consists of a 23 gauge (0.028 + 0.002) 304L §Tainless
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sheet which has rings which fit over the studs on the male end caps at

the rod joints. The rings are 0.385 0B x 0.25| |D and are joined ftoge- ‘ |
ther for lateral éupporf of the rods by a 0.125 web. |t may be noted that

the |D of the rings must pass freely over the 0.250 shoulder on the male }
end éap without being loose. Thus close tolerances are necessary on the

tube sheet holes and fue! rod shoulders. A skid is located on each

side of the tube sheet. |ts purpose is to prevemt thé fuel rods from

rubbing on the sides of the box when the element is being imserted.or

removed from the core. The skid also serves as a bearing surface

through which the fuel giemenf may recéive lateral supporf from the box.

The skid consists of a 4 in. x I/2 in. x 0.050 in. strip éf 304 stain-

less welded to tabs which project from the Ilattice of the tube sheet.

Overall tube sheet dimensions were determined from the box inside

dimension'(5.006ji 0.015) and the center-to-center dimension of the

outer rods (4.280 + 0.010). The desirability of having at least a

I/16 clearance between element and box, a ©.004 in. manufacfuring

tolerance from rod centerline to skid surface and 0.012 in. for diffe-

rential thermal expansion between tube sheet and box were also consi-

dered in determining the tube sheet dimensions.

To prevent the skid from "hanging up'" on the box as {He element is being
]6Wered into the box, The.skid'is cufved so that its edges touch the rods
and only the center acts as a bearing surface. The radius of curvature
was Qefermined as shown In Figure 23. The radius of curvature for the
skid on the fube sheet between Rods Il and IV is calculated in the

same manner and equals 0.292 in.
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3.3.4 Fuel Rod End Caps

The‘end capsfwere designed to form a tight joint while passing through
the tube sheet. The male end caps of these connections have a 0.250
diameter shou lder which projects through a 0.251 bore in the female
end cap. The connection is made with a No. |2 - 28NF Class é fit.in
the threads. The only laferal-clearance between the rod and the tube
. sheet ié the 0.00 ] inf - 0.003 in. diametral clearance between the
"shouider and the tube sheet hole.. When the fuel rod sections are
screwed Togefh;r, the tube sheet will support the rods laterally énd,

~ prevent vibrations of the fuel rods at the tube sheet.

There are two kinds of end caps at the ends of the fuel element. In
order to undersfand the reasoning in this design, it is helpful to
realize that initially the fuel element was designed using retaining
rings in the assembly of the element. These rings were to fit over
end cap projections which passed Through the support grids. With
retaining rings, the differential thermal expansion between the rods
" was taken care of by 8 bosses 0.061 in. thick on the uppéer support
grid. This meant that only 8 of the 81 rods were restricted in axial
expansién while the remainder of the rods had space for 0.061 in.

differential thermal expansion.

Due to stress corrosion problems, it was decided that retaining rings
shou ld be replaced by bolts which would project through the support

grid and screw into a female end cap on-the fuel rods. [n order to
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insure that these bolts won't back off and fall out, the heads are

spot welded to the support grids. [t is obvious that if all fuel rods
were held in place with botts and all"bolts were welded, then this would
not al low .for differential thermal expansion. For this reason, it was
decided that there should be two types of attachment to the support

grid at the upper erid. At the lower end all 81 rods are bolted. At

the upper end, 16 of The'rods are bolfea and Tﬁe remaining.65 rods

have end caps which project into the support grid. Although there

are no bosses on the upper support grid, the axial freedom for djffe—
rential thermal expansion is gained by having the 65 unbolted rods

0.060 in. shorter than those which are bolfed. Fuel rod Section [V-A,
at the upper end, has a female end cap at both ends. ln.order ThéT rods
of this fype will not be inadvertently swi{ched end for end at assembly,

the 0.260 in. bore is omitted on the female end caps receiving the bolts.

3.3.5 Fuel Element Upper End Fitting

The Uppér end fitting or fuel handling fixture has two primary funcf[ons.

I+ centers the fuel element in the box and it receives the fuel handling
tool. A quick release device used for handling necessitates a circular
entry in the end fitting. Consequently, a round-to-square transition is
used, similar to that in the nozzle flange, to assist in a smooth transi-
tion from the square flow channel to the round. The 3/8 radius groove shown
in the top end fitting of the fuel element, Figuré 24, is used to receive

the latching elements of the hahdling tool régardless of tool orientation.
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3.3.6 . Nozzle Assembly

The lower end fitting or nozzle assembly consists of the nozzle subassembly,
Eing, spring and nozzle flange as shown in Figure 24. [+ has the function
of directing the flow intfo the element, posifioning the e lement and

supporting it through the ring and spring arrangement.

The lands on the nozzle fit into corresponding lands on a sleeve in the

grid plate. The 3.743 + 0.001 land moves in a 3.775 + 0.00! bore and
the 3.878 + 0.001 land in a 3.890 bore which means there is a dignetral
clearance of 0.010 to 0.014 inches. This has been shown through tests to
be adequate clearance for nozzle insertion and, at the same‘Time, mini-

mized the leakage.

The entire surface of the nozéle subassembly is chrome plated. Tests

have shown that hard chrome plate on Type 304L stainless steel pFovides
adequate protection against galling between the mating lands of the

nozzle and grid plate sleeve. Since the ring inner surface.can rub on

the 3.650 diameter of the nozzle, the chrome plate is added:in this portion.
Pubiications indicate Thaffhard chromium plating of the order of 0.001 to
0.010 in. thick is used for industrial applications where wear is involved".'(r/‘J

A 0.004 to 0.007 inch thickness was used which proved satisfactory in sub-

sequent nozzle galling tests.

The stresses in the nozzle assembly are confined to the nozzle flange and

to the nozzle weld Jjoint.
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: % The maximum load on the nozzle flange to nozzle weld joint is‘ 2000 |b.

; This is arrived at by assuming the nozzle is frozen in the grid plate
sleeve and the fuel handling crane has a maximum |ifting capacity of
2000 Ib. While this situation is a possibility, it is not expected;
i.e., the nozzle should not freeze in the grid. The nozzle weld joint

and associated stress diagram are shown in Figure.25.

The following equations can be derived from Figure 25 and are shown

in SpoTTs:(IB)
(27) o; = - P
- Throat area
- or
(28) o P = 2,010 psi
- h sin 45Q,£/
Where
. h = leg of weld = .125
foad = 2000 Ib

-
1]

length of circumferential weld = (m) (3.58")

Even if a stress concentration factor of 3 is used, o; equals 6030 psi
and the weld is adequate. The yield stress for Type 304L stainless

steel is 28,000 psi at 100 F.

The spring used in the nozzle assembly was designed with conventional

épring design formulas using Inconel "X" as the material.
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The function of the spring is that of maintaining the fuel element
égainsf the holddown grid. In this manner, the fuel element position:

in the core is fixed axially'and at the same time the differential thermal
expansion between the element and the boiler shroud is taken up by move-

ment of the nozzle in the grid plate sleeve.

The following assumptions were made:

I. Weight of the element in 100 F water = 227 Ib

2. Weight of the element in 500 F water = 233 Ib

3. Load. due to p lacement of ho | ddown = 60 Ib

4. Total load in 100 F water = 287 Ib

5. Total load in 500 F water = 293 1b

6. Torsional modulus (G) of Incomel "X" = 11.25 x 10° at 160 F
7. Torsional modu fus (GS of inconel ﬁx“ = 10.5 x I@é at 560 F'
8. Maximum allowable stress = 60,000 psi*

*NOTE: This value is 85 per cent of the recommended value of 70,000 psi
for Inconel "X" No. | temp, cold colled, age-hardened at 500 to
550 3 (19)

The wire diameter, d, was established at 0.422 by trial and error. The

mean spring diameter, D, is equal to 4.250 in. The dimension was derived

. . . (20)
by the following equation for spring rate:
(29) Ky = d%
S 8 D°N
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Where:

Kp = Rate #/inch

G = Torsional modulus

D = Mean spring diameter
d = Wire diameter

N = 'acfive coils

Assuming 9 active coils, the spring rate was computed to be 64.5 Ib/inch.
The total deffecfion in 100 F water is 4.87 in. This includes 0.422
‘inches thch is added to préQenT the spring from having an operating
height equal to the éolfd height. The 0.422 inches provides an extra

"cushion" of -one-wire diameter at the expected operating height.

Other pertinent design data for the spring is given below:

. Free length = 9,52

2. Assembled length = 6.833"

3. Load at Assembly = 174 ib

4 Beflecfién after assembly to support™~tetal load = 1.76"
5. Solid height = 4.642"

6. Operating stress = 47,3®O psi

At a water temperature of 500 F, the spring rate and operating deflection
both change.' The spring rate is now 60.2 Ib/inch. The operating length
increases by fﬁe amount of Tﬁe differential thermal éxpansion between

the stainless boiler shroud and the Zircaloy cladding on the rods. The
s+ainless end fiTTings are assumed to expand at the same rate as the

shroud. The expansion of the stainless end fittings was computed to




be 0.338 inches whereas the Zircaloy-2 expansion was computed to be

0.116 in. This gives an effective differential expansion of 0.222 in.

_Therefore at 500 F:

l. Operafiég spring deflection = 4.23 in.
2. spring load = 254.5 Ib

3. 'Oberaf{ng spring stress = 38,400 psi
4., Eftective holddown load = 22 Ib

Note that when the reactor is at temperature and pressure, there must
be coolant flow which would result in additional hydraulic loads to

keep the element against the holddown grid.

The variation in spring rate resulting from the tolerances of + 0.003"
on the wire diameter and + 0.032 on the mean diameter was found to be

5 per cent.

This variation affects a corresponding load variation of 14.5 Ib at

the def lection.

The ground surface of the end coils is chrome plated to prevent

: 21)

crevice corrosion. An added requirement of a hot set at 600 F for
8 hours is expected to minimize the tendency of the spring to re lax

with time. This requirement, together with the low stress during

operation, should yield maximum reliability of spring performance.
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I. Wire Size = 0.422 + 0.003
2. Mean Diameter = 4.250 + 0.032
3. Inside Diameter = 3-53/64 + 1/32
4. Active Coils = 9
5. Total Coils = |
6. Free Length = 9-33/64 + /32
© 7. Solid Height = 4.67 Max.
8. Spring Rate = 64.5 Ib/inch
9. Ends = Squared and Ground

The spring vibration characteristics were analyzed from two
different assumptions. First, assuming that the element was not held

against the holddown, the frequency of the spring supported mass

would be:
(30) f = 1 _- [spring constant _ |.65 cps
oo n 2t \ mass vibrated '

Secondly, the natural frequency of the spring itself was calculated

froﬁ Ricardo's Formula(S)

(31) n = 53L,/

n = vibrations per minute of spring vibrating between
its own ends

= |5

Where;

-

r spring rate Ib/inch

w weight of active portion of spring (l1b)
and n was found to be 3| cps. These frequencies do néf coincide with
either the pump~running frequenéy or impeller frequency. |t is also

below the expected frequency of the fuel rod sections.

- The tapered lead-in at the inlet of the nozzle is added to ease

handling during loading. It assists initially in guiding the element
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into the box at the top of the core and also helps center the box base
plate over the grid plate hole. |t is subjected to small loadings, the
greatest of which is that of suppérfing the weight of the fuel e lément

when the fuel element is stood on the snout point. [+ is structurally

adequate.
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4.0 TESTS

4.| Nozzle Galling Test

The lower end of each boiler fuel element is fitted with a nozzle. The
nozzle consists of a hollow cylinder with two lands on the outer surface.
It projects.into a reactor grid plgfe sleeve made of 304L stainless steel.
Due to ¢empefafure f luctuations and corresponding thermal expansions, the
nozzle will move up and down during reactor operation. Therefore, it is
ﬁecessary to make the nozzle of a material %hich will reéisf_ga!ling during

this motion when in contact with the 304L gfid p late.

In order to select the nozzle material, tests were performed using nozzies
of three different materials, 304 stainless, 17-4 pH stainless, and chrome
plated 304 stainless. Three chrome plated nozzles were tested having
surface %inishes of 8, ]6, and 20 25 x 107 inch rms. All nozzles were
used in conjunction with 304 s*ainjess sleeves to simulate the grid plate.
Although 304L stainless is used in the reactor, 304 stainless was used in
the test due to procurement probilems with the 304L. |t was felt that this

substitution would have no noticeable effect on galling tendencies.

"The tests were run in the test apparatus at reactor conditions (489 F,

600 psi). When tested, the 304 and the 17-4 pH stainless nozzles both exhi-
bited aATendency to gall. The chrome plated 304 did not gall, and for the
surface finishes of 16 x 1076 inch rms and better there were only negligibie

differences in the scratches which were produced in the sleeves.

On the basis of this test, it was recommended that the nozzle should be
made of chrome plated 304 stainless steel with a surface finish of 16 x IO-’6

inch rms.
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4.2 Vibration Flow TJest

Two simulated Pathfinder boiler fuel elements were tested in an air-water
1oop.+o study their vibrational characteristics under parallel Two-ﬁﬁase
flow. The rods were lead-filled stainless steel tubes with an outside
diameter of 0.375 in. anq a wall thickness of 0.020 in. and were fitted
with stainless stee!l end caps. One rod was 36.23 in. long supported at

Thé ends only and the other rod was compésed of two sections, each approxi-
mately 18.25 in;'long,.supporfed at the ends and at the joint between the
two sections. Strain éagé signals from the vibrating rods were recorded
for flow velocities ranging from 15 to 30 fps and for void contents from

0 to 60 per cent.

The tests did not yield data which could be used to correlate and to predict
the precise vibrational behavior of any similar rod under parallel single or
two-phase flow. However, the following conclusions can be made about the

vibrations of rods experiencing parallel two-phase flow.

l. The rods will vibrate at their natural frequency. The damping effect
due to the fluid is not sufficient to cause measurab le chénge in
frequency .

2. Vibration amplitudes are a funcfibp of the fluid turbulence. Conse-
quently, the spacer arrangement, gas-liquid ratios and other

variables have an effect that make analytical solutions impossible.
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The dominant variable affecting vibration amplitudes appears to be the
gas-liquid ratio.

Vibration of the Pathfinder boiler rods will not be excessive. |t

is éxpecfed that the amplitudes will be of the order of 0.005 in;
maximum with a frequency range of 33 to 86 cps. Tﬁe distance

between the tube sheet spacers on the fuel elemen+ was finalized

as a result of the information gained in this test.
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5.0 PROTOTYPE

A proToTypeAbf the fuel element assembly was fabricated substituting soiid
sTaiﬁless sfeel rods for the Zircaloy clad fuel rods and a stainless steel
spring for the Inconel "X" spring. The prototype was built for the
following reasons: o '
I. To give a feel for the rigidity of the assembly,
2. To reveal assembly difficulfies, if any,
3. To demonsTfaTe the ability of assembly with the tolerances
épecified, ahd
4. To assist in the development of specification and drawings with
fespecf to dimensional inspection such as twist and bow of the
assemb ly.
The éssembly Th@f was bullt proved somewhat disappointing due to the fact
fhaf many_of the tolerances were not met. Specifically, the tolerance on the
1/4 in. holes in the fuel Eod grid supports were not held. The overall dimen-
sion on the tube sheets was exceeded also. Because of this, the behavior of
the element in the box with flow could not be studied; i.e., the fit between
the flow test box and the prototype tube sheets skids is not representative

of the expected fit in the reactor.

In spite of these items, however, the prototype proved useful because:
. It clearly demonstrated the need for inspection of the assemb |y

in the vertical position. The assembly is not rigid enough to
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allow inspection for straightness and twist on a surface p late.
Consequently, the assembly drawing calls for inspection by vertical
insertion into an inspection fixture without attendant damage to
the fpel e lement.

2. Because the tube sheets fit tightly into the flow test box and the
element was inserted and withdrawn from the box without damage to
the tube sheets or skids, confidence in the Tube”sheef desfgn was
estab. lished.

3. Upon disassembly and assembly, the EequiremenTs for a fuel=rod--
to-fuel-rod tightening specification became apparent. |

4. |n spite of the fact that the tube sheets are not ''flat" .when the

é§sembly is completed (being deformed due to the Téleraﬁée'buildup

on the rods) it has sufficienf strength fto provide necessary lateral

support of the fuel rods.
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