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INTRODUCTION

Arn analytical investigation of the hydraulic parameters and character-
istics of the Fast Flux Test Facility (FFTF) driver fuel elements is
essential to Adchieve an optimum fuel design. This study is concerned
with the cermet driver fuel element as shown in BNWL-CC-175, Volume 3.
The fuel element consists of a fuel rod bundle surrounded by a stainless
steel liner., Fuel rod bundle and liner slip as a unit into the fuel ele-
ment process tube., Spiral ribs are attached to the fuel element liner, and
they create a spiral channel annulus between the fuel element liner and
process tube as depicted in Figures 1 and 2.

Pressure loss is the most important hydraulic parameter of the fuel
rod bundle. The reason for this is that present pump technology is such
that fuel element pressure loss should be no more than 80 psi, and pref-
erably 60 psi. The two main causes of fuel element pressure loss are the
fuel rod spacers and skin friction in the fuel rod bundle. Conceptual
fuel rod spacer design consists of a hexagonal honeycomb grid spacer,
as illustrated in Figure 2. As shown, each pin is surrounded by four
sides of a hex on one plane and four sides of a hex on a plane below and
adjacent to the first.

Due to the fuel rod spacesr geometlry, fuel rod spacer pressure loss
is difficult to predict; therefore, it is bracketed by three techniques
which will be called the de Stordeur, triangular cell, and rectangular
cell methods. The de Stordeur method employs an emperical equation that
includes an experimentally determined drag coefficient. Both the tri-
angular and rectangular cell methods use the Darcy-Weisbach equation for

pressure loss which contains a friction factor term. The friction factors
used were determined experimentally and were for flow through geometries

similar to those in question.






Bottom Half Coolant
Support Grid Outlet

Guide Bars
(3 required F‘"
1
Process Tube\'ﬂ'
Fuel Rod | /Z
Arrangement
Support Grid Fuel Tool Notch (typ) Spiral
Ribs

Three Rows of Holes

Match Line

7 Match Line
é % Flow - —| Flow !
|
. 7| Support Grid Liner/ Flow 6 s 4 Anchor Bar
Match Line Active Core Length——¥
3 2 g Spacer 1
74——\ S . Nozzle ar
/L ED#
o
—

I 1N Coolant

_J “"Flow

|

Spring

— r—————)rr“"’—"
0 O

S8

Spring Shield
Tack Weld Process Tube

in Place

FIGURE 1. Driver Fuel Element

B _Latch
J
> \ \ Latch Release Rin
Mach. Screw Liner

P9¢ - TMNE






U0T120G S$SOI) JUsWATT Tong ISATI(

wil-d. NOTLO3S

BNWL-264

ATquassy IBg JLOoyduy
pPuUE poYy [Ny BUTmOys

OIMLAWOST “Ld-Qn NOLLDIS

DIYLIW0ST

(d43) prayp
J1®i] wolloyg

spoy I[ong Jo woljog
ysnoiyy oAg o1pssy

spoyd 19mng

(d43) prip
1.~ b~ Jren dog

WJ-D. MIIA

WYV NOTLOIS
T
|
AT
PTIS

1; e dog
o

aArdo oddns
1eg

apIng aqgn] ssedoigd

@@Q

(d£31)
woijoy pue dog
azelg 1o pPTaM

DTI130WOS] =
e PT19 FIBH w0l3l09
d43
NO1.LD3S TTq

6

wd-d,

g INTWIDNVEIY a0y

leg apiny (g)

\\\\\\\\chx

*7 4YndId

(d42)

POy 1onj 3O woiiog

{d43)

1pg JIoyouy pue Ieg I3dedg

Tdnd

I5UT]
snynuuy
[ong
squy Textdg

oqny $$9d201yg







-4 - BNWL-264

Sodium flow rate through the annulus spiral channels is the most
important hydraulic parameter of the fuel element annulus, since this flow
will tend to flatten the temperature gradient across a fuel element. For
a given annulus length, the annulus hydraulic parameters that effect this
flow rate are annulus pressure loss, channel spiral angle, and channel
hydraulic diameter.

The fuel rod bundle hydraulic analysis includes interaction and
variation of fuel element pressure loss with all parameters except the
number of fuel rods, their diameter, and length (which will be included
in later studies). Interaction and variation of all important parameters
including annulus pressure loss, channel spiral angle, channel hydraulic
diameter, and sodium velocity are considered in the hydraulic investiga-
tion of the fuel element annulus.

Sodium leakage between annulus spiral channels and the strength of
fuel rod spacer strips to withstand the fluid forces were analyzed to
determine if either will be a problem.

Results of this study pertain to the fuel element conceptual design
as illustrated in BNWL-CC-175, Volume 3, unless modifications are indi-
cated, The Nomenclature and Dimensional Assumptions are defined on
pages 45 through €0. Throughout this study it is assumed that liquid
sodium behaves hydraulically as does the class of fluids which includes

water.
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SUMMARY AND CONCLUSIONS

Applying the equations presented in this study for determining fuel
element pressure loss as a function of fuei rod bundle hydraulic parameters,
it was found that for the required fuel element mass flow rate of 57 lb/sec,
fuel element pressure loss is 129 psi + 15%. This is 49 psi + 40% above
a maximum design value of 80 psi. The corresponding pressure difference
across the fuel element liner is 36 psi maximum, Fuel rod spacers are respon-
sible for a large percentage (62%) of the fuel element pressure loss. The
following changes can reduce this component by 10, 4, and 24%, respectively.

Removing one set of spacers

Using elastic support dimples instead of fingers

Decreasing the thickness of fuel rod spacer material (0.015 to

0.010 in.).
Pressure difference across the fuel element liner can be decreased to 7 psi
by drilling holes in the liner at the downstream end of the fuel rods.
Consequently, sodium flow rate through the annulus can be increased.

The equation developed in this study for determining sodium flow rate
through the annulus as a function of annulus hydraulic parameters predicts
that for a sodium flow rate of 6.7 1b/sec, annulus pressure loss is 70
psi + 10%, and sodium leakage between channels is negligible., Skin
friction in the annulus spiral channels is responsible for 84% of the
annulus pressure loss.

An investigation of the variation and interaction of annulus hydraulic
parameters relative to a channel hydraulic diameter of 0.091 in. indicates

that decrease in annulus pressure loss with an increase in channel
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spiral angle is more proﬁounced at higher sodium velocities and smaller
spiral angles. For a spiral angle of 67 degrees, reduction of annulus
pressure loss with an increase in channel hydrsulic diameter is more pro- -
nounced at higher sodium velocities and smaller channel hydraulic diameters.
For a hydraulic diameter of 0.091 in. and various annulus pressure losses,
annulus sodium flow rate increases rapidly with an increase in spiral angle
at small angles, but this method of varying flow rate becomes less effective
as the angle is increased. The parameter that appears to have the greatest
effect on sodium flow rate through the annulus is the spiral channel
hydraulic diameter (for a given annulus length, Ly = 4.3 fi).

This study indicates that fuel rod spacer thickness can be less than
0.015 in, and still withstand the fluid forces. However, this does not
take into consideration such factors as required fuel rod support force,
cyclic loading of support fingers as a result of vibration, deteriora-
tion of metal properties due to irradiaticn, etc.

Therefore, it can be concluded:

. Pressure loss for sodium flow through the conceptual driver fuel
element design is high. Present pump technology is such that a costly
and lengthy development program would be required to build pumps capable
of supplying this pressure plus the other pressures required throughout
the FFTF heat removal system.

. Since the fuel rod spacers are responsible for 62% of the fuel element
pressure loss, redesign or design modifications of the spacers will be

necessary to eliminate the problem of high fuel element pressure loss.
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Sodium flow rate through the spiral channel annulus can be varied by
changing the annulus hydraulic parameters. The parameter that appears
to have the greatest effect on this flow rate is the spiral channel
hydraulic diameter (for a given annulus length).

Sodium leakage between annulus spiral channels is insignificant.

Strength of the fuel rod spacers to withstand fluid forces is sufficient.
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ANALYSIS

FUEL_RCD BUNDLE HYDRAULICS

This study includes scdium flow in the fuel elemsnt but not in the
annulus between positions 1-1 end 9-9. Position numkers wenitioned in ihs
text refer to lines on the fuel element as illustrated in Figure I

Lo

.General Pressure Loss Eguation

The 'general equation defining total fuel slement pressurs loss is:

w

BPpuel = AP1 ¥ APL.2 4 MP2-3 YA P34 T aPs Y AP 6t aPp g FAT 41 g
T Py T MPgg TAPG TAP g

Pressure loss APy is due to entrance effects that occur as sodium

enters the fuel element at position 1-1.

oo 2
AD SN
o5t u (2)
Entrance loss coefficient Ky is 0.70 - This value is for a shapp-

edged entrance as shown in Figure 3.

in the fuel element between the positions indicated by the zubseripts.

. -~ flllvl%
APj.2 ~ ce

fngVg%
AP, ”
Py Dy, 2€
ngV“% .
AP = A
7-9 Dy <g
>

Average Moody friciion factors fqs fs; and f3 ares

_ 0,184
= 0.2
i
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Pressure loss AP, 3 is due to the nozzle between positions 2-2 and 3-3.

_ Kp(vy - Up)%
AP2-3 ~ 28

Nozzle loss coefficient Ko is 0.17 \31 It is located by knowing the

nozzle expansion angle (8) and the hydraulic diameter ratio DH2/DH14
Pressure loss APs is due to the fuel rod anchor and spacer bars at

position 5-5.

APg =
This loss is difficult tc predict accurately because of fluid boundary
layer disturbance at position 4-4., After considering anchor and spacer
bar, and rod spacer geometries, it was decided that a good approximation
of bar pressure loss would be to assume that it is equal to one fuel rod
spacer® This approximation is estimated to be accurate within + 25%.

Pressure loss APy ¢, is due tc entrance effects that occur as sodium
enters the fuel rcd bundle betwzen positions 4-4 and 6=6,

2

_ KgVs“?
APj-6 ~ T 2g

The flow area change betw=en positions 4-4 and 6-5 is not abrupt.
Sodium must flow through a length of fusl rod bundls and the fuel rod
anchor and spacer bars hetween these positions. However, a loss coef-
ficient for an abrupt area change (K3 = 0026)(5) is used, and it is
estimated %o be accurate within + 50%.

Two values are required to locate K3, First is<519 which is equal
to the area ratio Ag/A59 and second is the Reynolds number. For this
case g1 is egual to 0.36, and an entrance loss line for a Reynolds
number of infinity is used since the Reynolds number is relatively high.,

#yithout fuel rod support fingers
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Pressure loss Ap6_7 is due to the fuel rod spacers as depicted in
Figure 2. Because of uncertainty in determining this loss, it is

bracketed by the methods indica*ted below.

,
2 4)
CqVg Ap. P
AP = D2Ps7s pg’ (de Stordeur)
6~7 As 2g
2 2
AD _ nansfeleVe P4 + np(Ky + K5)Ve™p (triangular cell)
-7 Dy, 28 2g

_ n2n5foL0Vo204 + na(K¢ + K7)VO2O
APg_7 Dy_ 28 2g

(rectangular cell)

Three probtlems complicate the effort to adapt the de Stordeur
method to the prediction of this pressure loss. First is the determina-
tion of the spacer projected frontal area, Aps, In this study it is
assumed to be the projected area of a fuel rod spacer as it would appear
when looking down the fuel element.

The second problem is in obtaining a value for the fuel rod spacer drag
coefficient, Cg., A figure in Reference 4 gives drag coefficients for
various Reynolds numbers and types of fuel rod spacers, but coefficients
are not given for the split-level, hexagonal honeycomb type of spacer with
which this anslysis is concerned. For lack of a better value, a coeffici-
ent for a square honeycomb spacer is used because its geometry is as close
to that of a hexagonal spacer as is given in the reference even though all
sides of the square spacer are on one plane while sides of the hexagonal
spacer are on two planes as shown in Figure 2. For a Reynolds number
(Rs =1.38 x 104) based on Tl’ the frontal dimension of strips forming the
fuel rod spacers (spacer strips), the drag coefficient for a square honey-

comb spacer is 1.8(4). This approximation of spacer drag coefficient is

estimated to be accurate within + 40%.
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Problem number three is determining sodium velocity within a fuel
rod spacer, Vg. As stated in Reference 4, the actual velocity in a
central spacer flow cell should be used. However, peripheral and central
flow cell geometries will be nearly the same if the spacer region is
divided into cells as depicted in Figure 6. Therefore, average sodium
velocity in a spacer is substituted for the velocity within a central
spacer flow cell since they are approximately equal,

This method of accounting for fuel rod spacer pressure loss includes:
an entrance and exit loss for each spacer, and it allows for fuel rod
support dimples. Fluid mixing within the spacers is not considered.
Accuracy of the spacer pressure loss obtained by this method is estimated
to be within + 40%.

The triangular cell method of obtaining fuel rod spacer pressure
loss requires that the spacer region be divided into flow cells, as
exhibited in Figure 4, and that a pressure loss equation be written for
one of these cells (p. 11). Disregarding fuel rod support fingers, each
fuel rod is surrounded by six cells with this cross section. Four
cells, type (d), are 0.5 in. long, the other two, type (c), are 1.0 in.
long. Pressure loss due to the spacers is determined by writing a loss
equation for a type (c) cell and then multiplying it by the number of
spacers, The friction factor segment of the equation is multiplied
by 1.1 to account for additional pressure loss due to fuel rod support
fingers,

Two problems arise in applying this equation, First is the deter=-

mination of sodium velocity in a (c) cell, V.. The second is in obtaining
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the average Fanning friction factor, f,, for a (¢) cell. Because vel-
ocity is not known, the friction factor cannot be found. However, the
average velocity of the sodium flowing through a spacer and the flow
areas of the six cells surrounding a fuel rod are known. Therefore, an
equation defining the flow rate through the six cells and one equating
pressure loss through a (c¢) cell to that through a (d) cell can be solved
simultaneously to obtain the required friction factor and velocity.

Aversge Fanning friction factors fc and fq ere:

+
_ ngfe L1 N fg+nDr

fo W e,
+ ++

P _falyy  farnby

d Wq €Wy

Approximate values of fz and fg, which apply for cell walls formed
of spacer strips, can be obtained for Reynolds numbers up to 1 x 104
from Reference 5, since they are assumed to equal the average factors
for a stainless steel, type (t) cell as depicted in Figure 5.
Pressure loss due to the misalignment of spacer strips forming
one wall of a (c) cell is accounted for by multiplying f: by 1.2. The
value 1.2 is used because Reference 5 indicates that a percentage in-
crease in friction factor due to burrs and edge curling is approxi-
mately 20%. It is assumed that this increase will account for the
edge that projects into the flow stream due to spacer strip misalignment.
Although the parameters and geometry of a (t) cell are as close to
a (c) or (d) cell as is given in Reference 5, comparison of Figures 4

and 5 indicates that differences exist. The effect of these differences
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on the validity of assuming similarity between friction factors for (c)
or (d) cell walls formed of fuel rod spacer strips and average factors
for a (t) cell (Reference 5) can only be roughly approximated, For
the Reymnolds numbers in question (R2 2.0 x 104) friction factors for
various cell geometries, hydraulic diameters, wall thicknesses, and
length to hydraulic diameter ratios approach a value of 0.007 with
maximum deviations of + 15%.

Average Fanning friction factors f:+ and fﬁ+ are assumed to equal
those for smooth pipe. They apply for flow cell walls formed of fuel

rods.

c RCO 2
++ 0.184, - _
£ = 2.0.2

Rd .

As shown on page 14, average Fanning friction factors fc and fd

are determined by multiplying plus (+) and double plus (++) factors by

the length of wetted perimeter for which they apply, summing the products,

and then dividing by the cell wetted perimeter. Factors fc and fd are
estimated to be accurate within # 20%.

Entrance and exit loss coefficients for the cells are not included
in f, or fd’ but they are added to the friction factor part of the cell

pressure loss equation. Entrance and exit loss coefficients X, and

4
K5 are 0.22(5) and 0.10(5), respectively. These coefficients are ob-

tained by using a 6, equal tc 0.70 and entrance and exit loss lines
for a Reynolds number of infinity since the Reynolds number is rela-

tively high.
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Final form of this fuel rod spacer pressure loss equation includes:
entrance and exit losses for each spacer, loss due to fuel rod support
fingers, and loss due to misalignment of spacer strips forming flow
cell walls. It does not account for fluid mixing within spacers.
Obtaining pressure loss due to the fuel rod spacers by this method is
estimated to be accurate within + 15%.

In the rectangular cell method, the fuel rod spacer region is
divided into equivalent cells as illustrated in Figure €, and a
pressure loss equation is written for this type of cell (p. 11). The
friction factor segment of this equation is multiplied by 1.1 to
account for additional pressure loss due to fuel rod support fingers
and the whole equation is multiplied by the number of spacers.

Sodium velocity in an (o) cell, VO, is assumed to equal the

average velocity within a fuel rod spascer, V There will also be some

g
velocity variation within a cell, but it is assumed that any error
introduced into the calculated pressure loss by this variation will
average itself out.

Determining f_, the average Fanning friction factor for an (o) cell,

is the main problem in applying this equation.

+ ++
_ n'7fo(wo -7 Dr) + f5 ™

f
o Wo

Friction factor fg applies for cell walls formed of spacer strips.
It is assumed to equal the factor for an aluminum cell, cype (s), as
shown in Figure 7, which can be found for Reynolds numbers up to

I x 104 in Reference 5. For higher Reynolds numbers, extrapolation
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igs necessary. The factor obtained from Reference 5 includes a com-
ponent that accounts for increased pressure loss due to misalignment
of spacer strips forming flow cell walls. However, it must be multi-
plied by 1.2 as recommended in the reference since the cells in
question are stainless steel and, consequently, have a friction factor
that is approximately 20% higher than for an aluminum cell because of
fabrication-created burrs and edge curling.

There are parametric and geometric differences between an (s) and
(o) cell as can be seen by examining Figures € and 7. Because of
these differences, several cells with splitters were considered with
various hydraulic dismeters, wall thicknesses, uninterrupted flow
lengths, and length to hydraulic diameter ratios. It was discovered
that length of uninterrupted flow is the parameter that has the most
pronounced effect on average friction factors.

Variation of uninterrupted flow length from 1/2 in. to 1/8 in.
can increase the friction factor by 100% while changing other parameters
results in a maximum friction factor variance of + 15%. Therefore,
an average factor for an (s) cell is used for fg because it is the
only cell included in Reference 5 with a splitter and the same length
of uninterrupted flow as an (o) cell.

Average Fanning friction factor fg+ is assumed to equal that for

smooth pipe. It applies for cell walls formed of fuel rods.

- 0.184
o ROO.Z
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As shown on page 17, f, is determined by multiplying plus (+)
and double plus (++) factors by the length of wetted perimeter for
which they apply, summing the products, and then dividing by the cell
wetted perimeter. Its accuracy is estimated to be within + 20%.

Entrance and exit loss coefficients for an (o) cell are not in-
cluded in f,, but they are added to the friction factor segment of the
cell pressure loss equation. Entrance and exit loss coefficients K¢
and Ko are 0.22(5) and 0.10(5), respectively. These values are obtained
by using ag, equal to 0.70 and entrance and exit loss lines for a Reynolds
number of infinity since the Reynolds number is relatively high.

This method of determining fuel rod spacer pressure loss includes:
entrance and exit losses for each spacer, loss due to fuel rod support
fingers, loss due to misalignment of spacer strips forming flow cell
walls, and fluid mixing within spacers. Pressure loss due to the
fuel rod spacers, as obtained by this method, is estimated to be
accurate within + 15%.

Pressure loss APgto7t is due to skin friction in the fuel rod
bundle between positions é-6 and 7-7. A rod bundle flow cell is de-
fined as‘shown in Figure 8., Pressure loss for flow through this cell
is assumed to equal that of a round pipe having the same equivalent
diameter, surface roughness, length, and fluid velocity. This approach

is suggested in Reference 4, and is estimated to be accurate within

+ 5%.

_ fXLXVX%

APgi_gt = D2
X
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Average Moody friction factor fy is:

Length Ly is equal to the active fuel rod length, Ls, minus the
length of fuel rod within the fuel rod spacers.
Pressure loss ppy 1s due to exit effects that occur as sodium
leaves the fuel rod bundle at position 7-7.
Kgs~©
APy = 2g
For a 04 of 0.36 and an exit loss line for a Reynolds number of
infinity since the Reynolds number is relatively high, loss coef-

ficient K8 is 0.42(5).

Pressure loss APg is due to exit effects that occur as sodium

leaves the fuel element and enters the upper plenum,

_ KoVep
APg = 2g

Exit loss coefficient K9 is 1.00(3) since all fluid kinetic energy is
assumed to be dissipated in the plenum.

Pressure loss AP1-9 is due to the change in static head between
positions 1-1 and 9-9. Assuming that the process tubes are vertical,
the defining equation is:

AP1_g =Ly

Solution of the General Equation

Individual equations for each component of the fuel element pressure
loss are combined into the general pressure loss equation. Then

assumed and calculated values are inserted for all unknowns, and fuel
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element pressure loss is calculated. The velocities necessary to solve

the general equetion are calculated knowing fuel element mass flow rate and
flow areas., Sodium mess flow rate through each fuel rod bundle of a 300
MW; reactor containing the equivalent of 53-1/2 driver fuel elements is

57 1b/sec. Sodium density and temperature rise through a fuel element were
assumed to be 54.2 1b/ft and 300 OF, respectively. This mass flow rate in-
cludes a factor of safety since approximately €% of the 300 MW, is gener-
ated by neutron and gamma radiation outside the core. Mass flow rate
through 211 iriver fuel elements is assumed to be the same since power

generation per fuel element is approximately the same due to zone fueling.

FUEL ELEMENT ANNULUS HYDRAULICS

Sodium flow in the spiral channel annulus existing between the fuel

element liner and process tube is examined in this analysis. These channels

extend from positions €-€ to 8-8 as depicted in Figure 1. Position numbers

mentioned in the text refer to lines on the fuel elemeint as 11lustrated in

this figure.

Genersal Pressure Loss Egquation

The general eguation defining annulus pressure loss between

positions é-€ and 8-8 is:

APann = P * APgr t AP¢g t APgr_gr t APg T APg_gn
Annulus pressure loss, as obtained by using this equation, is estimated to
be sccurate within + 10%.

Pressure loss Apg is due to entrance effects that occur as sodium

enters the spiral channels at position €-€. The equation indicated

below is estimated to produce results that are accurate within + 10%,

2
Aps = K§V§ p
€ 2g
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Entrance loss coefficient Kg is 0.70 (2). This coefficient is for a
sharp-edged entrance as exhibited in Figure 3.

Pressure loss Apg is due to sodium acceleration at position €-6
from a path parallel to the fuel element to one inclined at a spiral
angle () as illustrated in Figure 9.

2.2
(cos 8)7v5 P
2g

APgr =
Pressure loss Apg_g is due to skin friction in the channels

between positions 6-6 and 8-8.

f§L§V§2D

AP¢.g = Dy, %€

Average Moody friction factor f5 iss

_ 0.184
£y = .0:2
5

Results of this equation are estimated to be accurate within + 5%.

Pressure loss AP¢1_gt is due to bends in the chonnels hetween

positions é-& and 8-8.

mKgVs P
g

APg1-g1™
Calculations show that for the assumed bend dimensions, loss coeffic’ent
K¢ is 0.024(1); however, it will vary if the bend dimensions are
changed. Results of this equation are estimated to be accurate
within + 5%.

Pressure loss APg is due to exit effects that occur as sodium
leaves the spiral channels at position 8-8.

K7V§2D

APg = 2
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FIGURE 9. Plan View of Fuel Element Liner with Spiral Ribs
Attached
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(3)

Loss coefficient K, is 1.00 since a large share of the fluid kinetic
energy will be dissipated in turbulence at this position.

Pressure loss APgn_gn is due to the change in static head between
positions €-€ and 8-8, Assuming that the process tubes are vertical,
the defining equation is:

Apén_gnz L3 Y

Solution of the General Equation

Individual equations for each component of the annulus pressure loss
are combined into the general pressure loss equation, and the assumed
and calculated values are inserted for all unknowns except sodium

velocity in the annulus, Vs, and annulus pressure loss, Since

APann
annulus and fuel element pressure losses are equal between position €-€
and 8-8, the annulus pressure loss equation is solved by inserting a

sodium velocity that will produce an annulus pressure loss equal to

a reasonable value of fuel element pressure loss between these positions

(28 fps).

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS

Sodium leakage between annulus spiral channels that are sandwiched by
the fuel element liner and process tube is being determined in this investi-
gation. These channels extend from positions €é-€ to 8-8 as illustrated in
Figure 1. Position numbers mentioned in the text refer to lines on the fuel
element as depicted in this figure.

Equations

Assuming viscous flow, the equation for determining total sodium flow
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rate between annulus spiral channels, M., is:

2 12
M I Acn2Apcgp( )
c B 12 Lsu
The pressure differential across an annulus spiral rib, Ap, is:
- APann
APq ‘;IH;—

This equation indicates that pressure difference across a rib is equal
to annulus pressure loss between positions é-€ and 8-8 divided by the
number of flow channels crossed by a line parallel to the fuel element
between these positions, which implies that pressure decreases in equal
increments from channel center to center along this line and that pres-
sure difference between adjacent channel centers is the pressure
differential across a rib. This is not exactly true, but it is the
worst foreseeable condition. Therefore, if cross channel leakage is
low for this case, the actual case will be of no concern.

Solution of Sodium Leakage Equation

Pressure differential, Ap,, is calculated, and it is inserted into
the sodium leakage equation along with assumed and calculated values
for other unknowns. Solving this equation results in total sodium

leakage between annulus spiral channels.

FUEL ROD SPACER STRENGTH

In this study, strips forming the fuel rod spacers (spacer strips) are

examined by two methods to determine if they can withstand the fluid forces

exerted on them. Fuel rod spacer geometry is exhibited in Figure 2.

Shear Analysis

(1) Equations. This method assumes that a spacer strip is supported
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only where it is attached to the fuel element liner. Shear stress in

the strip is determined by:

o _ R
e L
1
Force Fy 1is the total drag force on the longest strip.
2
Fl _ CD22V§ p
g

Coefficient of drag for a spacer strip, Cp, is 2.00(3). This coef-
ficient is for a square bar with fluid flowing transverse to its
longitudinal axis, which is the worst foreseeable condition. Esti-
mated accuracy of Og Fl’ and Cp is within + 50%.

(2) Solution. The actual force on a spacer strip, F,, is calculated,
and this value is divided by the shear area, A, to obtain the shear
stress in a spacer strip, 0g. Stress, 0og, is then divided into the
minimum yield stress to obtain the safety factor.

Column Analysis

(1) Egquations. In this approach a section of spacer strip with length
Lll’ as shown in Figure 10, is studied. It is assumed that this section
is not supported by any other member and that it might fail by column

action due to the force acting on it, Fs.

P b R
2 LlA 2n4

The force, F,, is assumed to act at the section ends as exhibited in
Figure 10 and is estimated to be accurate within + 50%. Making this
assumption assures that the worst force condition is considered.

Euler's equation is used to determine P the maximum allowable

cr?

section load, since r? divided into Q is 5.3.
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FIGURE 10. Section of Fuel Rod Spacer Strip
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- _ SXA2r2(8)

cr Q
Defining equations for the least radius of gyration, r, and for the

factor Q are:

r = (0.289) Tl
SyL 2

Q = 2y
n2'rr2E

As stated previously, yield stress is 18,500 psi and the modulus of
elasticity is 19.2 x 106 psi(13) for 304 stainless steel at a temperature
of 1000°F. The coefficient accounting for section end conditions, n,,
is 0.25(8).
(2) Solution. The force on each section of spacer strip, Fp, and the
maximum allowable section load, P,., are calculated. Then the latter is
divided by the former to obtain the factor of safety.

EVALUATION

FUEL ROD BUNDLE HYDRAULICS

Fuel element pressure loss as found by the de Stordeur, triangular cell,
and rectangular cell methods is 99 + 30%, 125 + 15%, and 129 psi + 15%,
respectively. Pressure losses given by the de Stordeur and triangular cell
methods are 77 and 97%, respectively, as large as that given by the rectangu-
lar cell method. This is a range of 23%.

Figure 11 shows each component of fuel element pressure loss as a per-
centage of the fuel element loss given by the rectangular cell method. As
can be seen, the fuel rod spacer component is largest; it is equal to 80
psi + 15% and accounts for 62% of the fuel element loss. Other important
components are anchor and spacer bar and skin friction losses which are

responsible for 10 and 21% of fuel element loss, respectively.
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Fuel element pressure loss (rectangular cell method)
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Since the largest fuel element pressure loss component is due to
fuel rod spacers, it is of interest to compare the percentage value
of this component as given by each approach. For the de Stordeur,
triangular cell, and rectangular cell methods, fuel rod spacer loss
amounts to 54 + 40%, 77 + 15%, and 80 psi + 15%, respectively. Per-
centage of fuel element pressure loss associated with the value pro-
duced by each method is, in the order stated previously, 54, €1, and
62%. This is a range of 8% which indicates that even through fuel
element pressure loss as given by each method mey vary by as much as
23%, fuel rod spacer loss as a percentage of fuel element loss re-
mains fairly stable.

It should be noted that in order to simplify solution of the
general pressure loss equation, volumetric flow rate through the fuel
rod bundle is assumed to equal the total flow rate through the fuel
element at position 2-2. It is also assumed that holes are drilled
through the fuel element liner at position 4-4 as well as 6-€. The
first assumption introduces a small error into the calculated fuel
element pressure loss since some flow is diverted through the annulus.
For a given rod bundle flow rate, velocities V;, V,, and Vg are higher
than assumed in this analysis. Actual values of these velocities can
be found by multiplying them by the ratio of fuel element to fuel rod
bundle volumetric flow rate, Qt/QA' However, pressure loss components
involved are so small that error introduced into the calculated fuel

element pressure loss is less than 1%.
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Main contributors to fuel element pressure loss, as mentioned previ-
ously, are the fuel rod spacers, anchor and spacer bars, and fuel rod bundle
skin friction. Ways of reducing these losses need to be examined because
fuel element loss, as given by all three pressure loss methods is above a
maximum design value of 80 psi for the required fuel rod bundle mass flow
rate of 57 1b/sec by 49 psi + 40% (rectangular cell method).

Three ways of reducing fuel rod spacer pressure loss are to remove one
or more sets of spacers (one set), to use elastic support dimples instead
of support fingers, and to decrease spacer strip thickness (0.015 to 0.010 in.).
Reduction of fuel element pressure loss by each modification is 10, 4, and
2,%, respectively. Other ways of reducing this loss, that were not included
in this study but will be considered later, are to reduce spacer strip width;
to use gpacer strips with a lenticular cross section; and to decrease the
number of fuel rods or their diameter.

Pressure losses due to the anchor and spacer bars and fuel rod skin
friction can also be reduced. Two ways of decreasing anchor and spacer
bar pressure loss are to use bars with a lenticular cross section and to
reduce the bar thickness. Reducing the number of fuel rods, their diameter,
or length, are the only ways to decrease pressure loss due to fuel rod
bundle skin friction., Reduction of fuel element pressure loss by any of
these modifications is not covered in this report, but they are mentioned
here to draw attention to the possibilities.

It should be noted that because of fuel rod spacer geometry, some spacer
flow areas will be restricted more than others. The resulting flow rate

variation throughout the spacer flow area not only will cause a pressure
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loss due to fluid mixing but will also hinder even fuel rod cooling. Some
flow areas, those that exist between a fuel rod and section of fuel rod
spacer where top and bottom spacer strips align, will be starved of flow to
the point that hot spots will probably occur on the fuel rod. Fluid mix-
ing will promote, somewhat, even fuel element cooling, but whether the
advantage of mixing outweighs the disadvantages of increased pressure loss,
and uneven fuel rod cooling needs to be examined in more detail. One solu-
tion is to redesign the fuel rod spacers. It should also be noted that if
support fingers as depicted in Figure 2 are used, the free ends should be
downstream so that fuel element pressure loss will not be increased by
additional fluid mixing.

The results of this study are required for further parametric studies
which are necessary to achieve an optimum fuel design.

FUEL ELEMENT ANNULUS HYDRAULICS

Inserting a sodium velocity of 28.0 fps in the annulus pressure loss
equation results in an annulus pressure loss of 70.0 psi + 10%. 1If an
average sodium density of 54.2 1b/ft3 is used in calculating mass flow rate,
it is 6.7 1b/sec.

Annulus pressure loss components are exhibited as percentages of
annulus pressure loss in Figure 12. It can be seen from this figure that
the major component is due to channel skin friction, which accounts for 84%
of the pressure loss. In psi form, it is equal to 59 psi + 5%. The only
other losses large enough to mention are due to channel entrance and exit

effects which account for 5 and 7% of the pressure loss, respectively.






BNWL-264

36

(Teuueyo)
UOTQOTLT UTHS

Conditions

Annulus design (conceptual)

(1TX® 07 8JdUBIjUS TSUUBUD) pESY D[}838 UL 8dueyd .
(1Txe TduUBYD) S309JJ0 1IX®

spuaq Tauueyd -

(90uBJLIUS® T8UUBYD) UOT}BIOTSOOE UMITPOS l

(eduedque TBUUBYD) S309JJO 9duUeIIUS I

l _ | |

ICO%
r
90—

8CH

Driver Fuel Element Annulus Pressure Loss

]
@]
—

20—

_
O O O O O
&= O IS 2 A

S0 aanssadg snynuuy Jo adejusdas]

FIGURE 12.

Components






- 37 - BNWL-264

Since fuel rod bundle and annulus pressure losses do not take place in
the same manner, a pressure difference exists across the fuel element liner.
For a fuel element sodium flow rate of 57 1lb/sec and corresponding rod bundle
and annulus pressure losses (rod bundle pressure loss obtained by the rectan-
gular cell method), this differential is 36 psi maximum as indicated in Figure
13, It can be reduced to 7 psi and annulus sodium flow rate increased by
drilling holes in the fuel element liner at position 7-7. The dashed line
shown in Figure 13 represents annulus pressure loss as a function of fuel
element length after drilling the holes. Pressure difference across the
fuel element liner is measured away from a fuel rod spacer since there is
a grid band between fuel rod bundle and annulus sodium flow at spacer
positions,

Variation and interaction of annulus pressure loss, Apg,,, channel
spiral angle (8), channel hydraulic diameter, DHS’ and sodium velocity in
the annulus, Vs, is important because of the need for predicting a combina-
tion of annulus hydraulic parameters that will promote uniform fuel element
cooling®most effectively. A parameter study was carried out by computer and

hand calculations for an annulus length, L3, of 4.3 ft using the equation:
2
\

5P 1.3 (21.74)Kg
AParn ~ 2g 144

+
(5)0+2(Dy,) 12510 Tan@

1.70 + (0039)2 +

+ 1.61
Bend loss coefficient Ké in the preceding equation will vary with the

parameters, but for calculations involving this squation, bend geometry is

(1)

such that this coefficient can be assumed to remain constant at 0.024 .

Estimated accuracy of Apg,, or V. obtained by using this equation is

5
within + 10 and + 6%, respectively.

* reduce radial fuel element temperature gradients
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Figure 14 exhibits annulus pressure loss for a constant channel hydraulic
diameter of 0.091 in,; sodium velocities in the annulus of 20, 25, and 30 fps;
and spiral angles of from 50 to 75 degrees. As indicated, decrease in
annulus pressure loss with increasing spiral angle is more pronounced at
higher velocities and smaller spiral angles.

Annulus pressure loss for a constant channel spiral angle of 67 degrees;
sodium velocities in the annulus of 15, 20, 25, and 30 fps; and channel hy-
draulic diameters of from 0.050 to 0.150 in. is indicated in Figure 15. As
shown, decrease in annulus pressure loss with increasing values of hydraulic
diameter is much more pronounced at higher velocities and smaller hydrauliec
diameters.

Figure 16 depicts sodium volumetric flow rate through the annulus for
annulus pressure losses of 50.0, 60.0, and 70.0 psi; spiral angles of from
5 to 90 degrees; and a channel hydraulic diameter of 0.091 in. As can be
seen, volumetric flow rate increases rapidly with an increase in spiral
angle at small angles, but this method of varying flow rate becomes less
effective as the angle is enlarged.

The parameter that appears to have the greatest effect on sodium flow
in the annulus is the spiral channel hydraulic diameter. It should be
noted that increasing channel height, T5, by 300% enlarged the channel hy-
draulic diameter by 192%, but increasing channel width, LL’ by 275%, enlarges
the hydraulic diameter by only 7%.

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS

Assuming & clearance between channels, Ly, 0.001 in., (maximum

deviation + 100%) along the fuel channel length, Ls, and an annulus
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pressure loss, ApP,,,s of 70 psi, sodium mass flow rate between channels
is 2.€ x 1(5-3 1b/sec + 700% which amounts to 3.9 x 10-2% of sodium flow
in the annulus. This indicates that leakage will decrease very little
the spiral motion of sodium flow in the annulus that is necessary to
promote uniform fuel element cooling even for the extreme of the values
stated above,

FUEL ROD SPACER STRENGTH
Shear Analysis

Dividing the calculated value of force on a spacer strip (Fl = 2.6
1b + 50%) by the shear area of a strip (A; = 0.008 in?) results in a
spacer strip shear stress of 325 psi + 50%. Based on a minimum yield
stress of 18,500 psi(lé) the factor of safety is 57. This yleld stress
was found by the 0.2% offset method for a metal temperature of 1000°F.,
Column Analysis

The maximum allowable section load (Pcr = ¢é.3 1b) divided by the
actual load (F, = 0.08 1b 1 50%) results in a safety factor of 79. For
conditions as stated above and a 0.010 in. thick spacer strip, a column
analysis predicts a minimum safety factor of 35.

These factors of safety indicate that spacer strip thickness can be
reduced below 0.010 in. and still withstand the fluid forces. However,
other considerations such as required fuel rod support finger force,
cyclic loading of support fingers due to vibration, deterioration of
metal properties due to irradiation, ete. will probably limit the reduc-
tion of spacer strip thickness. If further reduction is necessary, the
possibility of using elastic support dimples instead of fingers should

be investigated.
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NOMENCLATURE

FUEL ROD BUNDLE HYDRAULICS

All position numbers refer to lines on the fuel element as

illustrated in Figure 1.

Lengths
(1) Ll = Length of fuel element between positions 1-1 and
2-2 (ft)
(2) L, = Length of fuel element between positions 3=-3 and
44 (ft)
(3) L3 = Length of fuel element between positions 7-7 and
9-9 (ft)
(4) L, = Length of fuel element between positions 1-1 and
9-9 (ft)
(5) Ly = Length of fuel element between positions 6-6 and
7-7 (ft)
(6) L, = Wiath of strips forming a fuel rod spacer (Figure 2)
(in)
(7) L, = 2L, Defined in Figure 2 (in)
(8) Lo = Defined in Figure 2 (in)
(9) L;; = Defined in Figure 2 (in)
(10) Ly, = Height of a fuel rod support finger (Figure 2) (in)
(11) Liz = Width of a fuel rod support finger (Figure 2) (in)
(12) L = Le=nyLy (ft)
(13) L, = Length of a type (a) or (c) fuel rod spacer flow cell

(Figure 2) (in)
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Length of a type (d) fuel rod spacer flow cell
(Figure 2) (in)

Length of a type (o) fuel rod spacer flow cell
(Figure 2) (in)

Length of a type (s) flow cell (in)

Length of a type (t) flow cell (in)

Uninterrupted flow length of a type (o) fuel rod
spacer flow cell (in)

Uninterrupted flow length of a type (s) flow cell (in)
Thickness of the strips forming a fuel rod spacer
or grid band (Figure 2) (in)

Thickness of material forming walls of a type (c)
fuel rod spacer flow cell (in)

Thickness of material forming walls of a type (d)
fuel rod spacer flow cell (in)

Thickness of material forming walls of a type (o)
fuel rod spacer flow cell (in)

Thickness of material forming walls of a type (s)
flow cell (in)

Thickness of material forming walls of a type (t)
flow cell (in)

Thickness of a spacer or anchor bar (Figure 2) (in)

Defined in Figure 2 (in)

= Triangular pitch of the fuel rods (Figure 2) (in)
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Diameter of a fuel rod or cuicde pin (Figure 2) (in)

Yletted Perimeters

(1) w
Cc
(2) gy

(3) W,

(3) Aps

lietted perimeter of a type (¢) fuel rod spacer flow
cell (in)
Wetted perimeter of a type (d) fuel rod spacer flow
cell (in)
Wetted perimeter of a ‘type (o) fuel rod spacer flow

cell (in)

Total flow area in the fuel element between positions

3-3 and 4-4 (in2)

Total flow area in the fuel rod bundle between posi-

tions 6~6 and 7-7. This is away from a fuel rod spacer,
(in?)
Projected frontal area of a fuel rod spacer, This

includes fuel rod support fingers and a grid band. (in2)

Hydraulic Diameters

(1) DHl

(2) Dy
2

(3) Dy
3

(4) Dy
X

Hydraulic diameter of the fuel element between positions
1-1 and 2-2 (in)

Hycraulic diameter of the fuel element between positions
3-3 and 4-4 (in)

Hydraulic diameter of the fuel element between positions
7-7 and 9-9 (in) DH3 :DH2

Hydraulic diameter of a central fuel rod hundle flow

cell. This is away from a fusl rod spacer. (in)
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(5) D = Hydraulic diameter of a type (c) fuel rod spacer

flow cell (in)

(6) Dy = Hydraulic dizmeter of a type (d) fuel rod spacer
d
flow cell {in)
(7) Dy = Hydraulic diameter of a type (o) fuel rod spacer
0

flow cell (in)

(8) D, = Hydraulic diameter of a type (s) flow cell (in)
(9) DHi = Hydraulic diameter of a type (t) flow cell (in)
Velocities

(1) Vl = Average sodium velocity in the fuel element between
positions 1-1 and 2-2 (fps)

(2) v, = Average sodium velocity in the fuel element between
positions 3-3 and 4-4 (fps)

(3) V5 = Average sodium velocity inthe fuel rod bundle between
nositions 6-6 and 7-7 . This is away from a fuel
rod spacer. (fps)

(4) V6 = Average sodium velocity in the fuel element between
positions 7-7 and 9-9 (fps)

(5) Vg = Average sodium velocity within a fuel rod spacer (fps)

(6) Vx = Average sodium velocity within a central fuel rod
bundle flow cell., This is away from a fuel rod spacer.
(fos)

(7) v, = Average sodium velocity within a type (c¢) fuel rod
spacer flow cell (fps) Ve = Vg

(8) Vo = Average sodium velocity within a type (o) fuel rod

spacer flow cell (fps) V, = Vg
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Volumetric Flow Rates

(1) Qt = Volumetric flow rate of sodium through the fuel element
(ft3/sec)

(2) QA = Volumetric flow rate of sodium through the fuel rod

bundle (ftB/sec)

Friction Factors and Drag Coefficients

(1) £,
(2) £
(3) f3
(4) £y
(5) £,
(6) f¢
(7)o’
(8) fg
(9) f4
(10) it

Average Moody friction factor for the fuel element between
positions 1~1 and 2-2

Average Moody friction factor for the fuel element between
positions 3-3 and -4

Average Moody friction factor for the fuel element between
positions 7~7 and 9-9 f, = f3

Average Moody friction factor for a central fuel rod
bundle flow cell. This is away from s fuel rod spacer,
Average Fanning friction factor for a type (c¢) fuel rod
spacer flow cell

Average Fanning friction factor for type (c) fuel rod
spacer flow cell walls formed of spacer strips

Average Fanning friction factor for type (c¢) fuel rod
spacer flow cell walls formed of fuel rods

Average Fanning friction factor for a type (d) fuel rod
spacer flow cell

Average Fanning friction factor for type (d) fuel rod
spacer flow cell walls formed of spacer strips

Average Fanning friction factor for type (d) fuel rod

spacer flow cell walls formed of fuel rods
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Average Fanning friction factor for a type (o) fuel rod
spacer flow cell

Average Fanning friction factor for type (o) fuel rod
spacer flow cell walls formed of spacer strips

Average Frnning friction factor for type (o) fuel rod
spacer flow cell walls formec of fuel rods

Drag coefficient for a fuel rod spacer

Loss Coefficients

I

Entraence loss coefficient for the fuel element at
position 1-1

Nozzle loss coefficient for the fluid expansion between
positions 2-2 ard 3-3

Entrance loss coefficient for the fuel rod bundle,
positions 4-4 to 6=6

Entrance loss coefficient for a2 type (c¢) or (d) fuel
rod spacer flow cell

Exit loss coefficient for a type (c) or (d) fuel rod
gspacer flow cell

Entrance loss coetfficient for a type (o) fuel rod
spacer flow cell

Exit loss coefficient for a type (o) fuel rod spacer
flow cell

Exit loss coefficient for the fuel rod bundle at
position 7-7

Exit loss coefficient for the fuel element at position

<0
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Reynolds Numbers

Miscellaneous

Reynolds number for sodium flow in a central fuel rod
bundle flow cell. This is away from a fuel rod spacer,
Reynolds number for sodium flow in a type (c) fuel rod
spacer flow cell

Reynolds number for sodium flow in a type (d) fuel rod
spacer flow cell

Reynolds number for sodium flow in a type (o) fuel rod
spacer flow cell

Reynolds number based on the fuel rod spacer frontal

dimension T1

(1) m
(2) no
(3) n,
(4) nsg

(5) ng

I}

Number of fuel rods plus guide pins

Number ¢f fuel rod spacers

Number of spacer or anchor bars

Constant accounting for the additional fuel element
pressure loss due to fuel rod support fingers

Constant accounting for increase in friction factor due
to misalignment of spacer strips forming flow cell walls
Constant to convert friction factors for aluminum cells
to friction factors for stainless steel cells

Expansion angle of the fuel element nozzle between
positions 2-2 and 3-3 (degrees)

Reactor operating power level (M)






(14, o

(15) 0o = 0g

(16)

Apfuel=
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Zouivalent numb-r of average driver fuel elements
Socium tomperature rise, positions 1-1 to 9-9 (OF)
Average censity of sodium hetween positions 1-1 and

0-9 (1n/£t2)

Average specific weight of sodium betieen positions 1-1
and 9-9 (1b/ft°)

Gravitstional constant = 32.2 1b-ft/lb-sec®

Free-flow area of the fuel rod bundle away from a fuel
rod spacer, divided by the free-flow area of the fuel
element between positions 3-3 and 4~4 or 7-7 and 9-9
6o = Free-flow area of a fuel rod spacer, divided by the
free-flow arez of the fuel rod bundle away from a fuel
rod spacer

Total fuel element pressure loss petween positions

1-1 and 9-9 (psi)

FUEL ELEMENT ANNULUS HYDRAULICS

All cosition numbers refer to lines on the fuel elemont as exhibited

in Figure 1.

Length

1

it

1

Length of the fuel element annulus, positions é-£ to
8-8 (Figure 9) (ft)

Yidth of an annulus spiral channel (Figure 9) (in)
Length of an annulus spiral channel between positions

6-6 and 0-3 (Figure 9) (ft)

= Diameter of an annulus spircl rib (Figure 2) (in)
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Hydraulic Diameter

(1) DH5 = Hydraulic diameter of a spiral channel (in)
Area
(1) A5 = Total annulus flow area between positions 6~-6 and
3-8 (in2)
Velocity
(1) Vg = Average sodium velocity in the spiral channels (fps)

Volumetric Flow Rate

1) G = Jolumzric flov ra"s of sodium throughthe annulus
3
(ft/sec)

¥rictisn Factor

(1) fl = Average Moody frictivn factor for 2 .nl ral channel

Loss Coefficients

(1) K5 = Entrance loss coefficient for a spiral channecl at
position 6-6

(2} K6 = Loss coefficiant for bends in @ spiral channel

(3) Xy = Exit loss ccefficient for a spiral channel at pos.tio-

8-8

Reynclds humber

(1) R5 = Reynolds number for sodium flow in a spiral channel
Miscellaneous
(1) nl = Number of bends per spiral channel between positions

6=6 and 8-8

(2) ny = Number of spiral ribs or channels in the annulus

~~
W
p—
(L]
I

Spiral angle of an annulus channel (Figure 9) (degrees,
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(4) o = Average density of sodium between positions 1-1 and
9-9  (1b/ft3)

(5) v = Average specific weight of sodium between positions
1-1 and 9-9 (1b/ft%)

(6) g = Gravitational constant = 32.2 1b—ft/1b—sec2

(7) Apann = Annulus pressure loss between positions 6-6 and

8-8 (psi)

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS

All position numbers refer to lines on the fuel element as depicted

in Figure 1.

Length
(1) Ll = Clearance between annulus spiral ribs and the fuel
element liner (in)
(2) L5 = Length of the annulus spiral channels between positions
6-6 and 8-8 (Figure 9) (ft)
Area
(1) Al = Flow arca between adjacent spiral channels (ft2)
Velocity
(1) Mc = Total sodium mass flow rate between adjacent spiral channels
(1b/sec)
Miscellaneous
(1) nl = Number of turns per spiral channel between positions 6-€ and 8-8
(2) no = Number of spiral ribs or channels in the annulus
(3) y = Average viscosity of sodium between positions 1-1

and 9-9 (1b/ft-hr)

(4) ¢ Gravitational constant = 32,2 lb-ft/lb-sec?






(5) Ap
ann

(6) Ap,

FUEL ROD SPACER
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Annulus pressure loss between positions 6-6 and 3-8
(psi)
Pressure differential across an annulus spiral rib

(psi)

STRENGTH

All position numbers refer to lines on the fuel element as

illustrated in Figure 1.

Lengths
(1) L6

(2) L9

(3) L,

(4) M3

(5) Ll4

(6) Tl

I

Wiidth of strips forming a fuel rod spacer (Figures 2
and 10) (in)

Length of a fuel rod support finger (Figures 2 and
10) (in)

Defined in Figures 2 and 10  (in)

Width of a fuel rod support finger (Figures 2 and
10) (in)

Length of the longest spacer strips (in)

Thickness of a spacer strip (Figures 2 and 10) (in)

Radius of Gyration

(1) r

Areas
(1) Al
(2) A

(3) A

Least radius of gyration of the spacer strip section

indicated in Figure 10 (in)

3 . — - . 2
Shear area defined by: Ay = 2(L6 L9)Tl (in®)

Projected frontal areca of a spacer strip (in?)

Cross-sectional area (Figure 10) defined by the

2
equation: A, = (Lll—Ll3)Tl (in™)






Velocity

(1) v,
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Average sodium velocity in the fuel rod bundle between
positions 6-6 and 7-7. This is avay from a fuel rod

spacer. (fps)

Coefficient of Drag

(1) Cq = Spacer strip drag coefficient
Forces
(1) Fy = Drag force on the longest spacer strip  (1b)
(2) Fy = Drag force on a spacer strin section (Figure 10) (1b)
Miscellaneous
(1) n, = Coefficient accounting for end conditions of the spacer
strip section (Figure 10)
(2) Ny = Number of fuel rods supported by the longest spacer
strip
(3) Og = Spacer strip shear stress (psi)
(4) Sy = Yield stress of 304 stainless steel (psi)
(5)E = Modulus of elasticity of 304 stainless steel (psi)
_ 2
(6)Q = ;y%zg (1n2)
2
(7) o = Average density of sodium between positions 1-1 and 9-9 (1b/%t3)
(8) g = Gravitational constant = 32,2 1b-ft/lb-sec?






FUEL RCD BUNDLE HYDRAULICS

Lengtns

1.5

0.5

1.0

ft
ft
ft
ft
ft
in.

in,

1.98 in.

0.012 in.

0.030 1in.

1.0
0.5
1.0
1.0
245
065

0.5

in.
in,
in.
in.
in.
in.

in,.

0.015 in.

0.015 in.

C.015 in.

0.006 1in.

0.006 in.
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(23) T, = 0.080 in.
(24) T4 = 0,125 in.
(25) P = 0.264 in.
Diameter

(1) D,. = 0,226 in.
Miscellaneous

(1) nl = 217

(2) n, =6

(3) n =17

4

(4) ng = 1.1

(5) n, =1.2

(6) n, = 1,2

(7) ® = 10 degrees

(8) L = 300 MA

(9) 1 = (equivalent number of average driver fuel elements) 53-1/2
(10) AT = 300°F

(11) o = 54.2 1b/rt>
(12) y = 54,2 1b/ft>
FUEL ELEMENT ANNULUS HYDRAULICS
Length

(1) Ly =4.3 ft
Diameter

(1) T5 = 0.050 in.
Miscellaneous

(1) nl =9

(2) n = 12

2
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(3) o = 67 degrees
W) o =54.2 1b/ft°
(5) v = 54.2 lb/ft3

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS

Lengths
(l) Ll = 0,001 in.
2 L : (]
(2) 5 4,3 ft
Miscellaneous
l) n = 1.
(1) 1 5
(2) N, =12
(3) v = 0.79 1b/ft-hr
4 = 70. .. i
(4) bp_ o 0 psi

FUEL ROD SPACER STRENGTH

Lengths
(1) L6 = 0,5 in.
(2) Ly =0.25 in,
(3) L;;, =0.03 in.
(4) Ty = 0.015 in.
Velocity
(1) Vs = 50.0 fps

Coefficient of Drag

(1) o = 2,0 Reference 2, Page 207, Table 5.1,
Miscellaneous

(1) o, = 0.25 Reference 8, Page 412

(2) ny =17

(3) o = 54,2 1b/ft3






(4)
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Fuel rod spacer material 304 stainless steel (Sy =
18,500 psi, 0.2% offset method, 10CQCF; E = 19.2 x

10° psi, 1000°F). Reference 13, Page 569, Table 23.11.
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APPENDIX

APPLICATION OF RESULTS

Results of this analysis have been applied to a parametric survey model,
utilizing analog computer techniques to perform reactor design calculations.

The equation indicated on page 8 for determining fuel element pressure
loss contains too many components for ease of use in the analog computer
program. Therefore, values obtained from this equation (rectangular cell
method) were employed to determine an effective entrance and exit loss and
friction factor coefficient for a standard pipe flow pressure loss equation.
The standard equation, indicated below, was then used on the analog computer

for parametric analyses.
@ [, By oy ™
APruel ~ 2gp A F Dy (M
APfue1 = Fuel element pressure loss
G = Mass velocity (sodium in the fuel element)
Dy = Hydraulic diameter of the fuel element including the fuel

element liner (away from a fuel rod spacer)

L5 = Length of the fuel rod bundle

A = Effective entrance and exit loss coefficient = 2.10

B = Effective friction factor coefficient = 0.888

P = Average sodium density between fuel element inlet and outlet

B = Average sodium viscosity between fuel element inlet and
outlet

g = Gravitational constant = 32.2 lb—ft/lb-sec2

Values given for A and B relate to the cermet fuel design as analyzed

in this report.
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A subsequent study of oxide driver fuel element hydraulics for fuel
rod spacers other than wire wrap, assumed for the oxide parameter survey,

will result in an equation similar to that indicated above.
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