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1.1 Background- The San Onofre 2&3 FSAR Section 9.1 (Fuel Storage and Handling)
contains the following statement:

“The fuel transfer tube is sufficiently large to provide natural circulation cooling for
a fuel assembly in the unlikely event that the transfer carriage should become
inoperable while in the tube.”
This statement implies that natural circulation cooling can be provided for only one fuel
assembly, even though the transfer carriage is designed to hold two fuel assemblies. In
the past, occasionally two spent fuel assemblies have been transferred simultaneously
through the transfer tube. This practice has been prohibited since the discovery of the

above statement in the FSAR, pending the resolution of this issue.

It is the purpose of this analysis to investigate the consequences of the transfer carriage
becoming inoperable while carrying two fuel assemblies in the transfer tube, and to show
that there wiil be no boiling and no fuel damage as a result of such an event. Should
the repair of the transfer carriage system involve physical access to the transfer tube, it will
be done at a much lower pool temperature and at a later time when the decay heat rate
is further reduced, leading to more favorable conditions than the ones considered in this

analysis.
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The results of this analysis show that from a heat transfer point of view, the stoppage of
two fuel assemblies in the transfer tube poses no danger of boiling of the water or
excessive heating of the fuel rods. Using conservative values of decay heat and a
minimum time between reactor shut-down and fuel off-load of only 72 hours, the maximum
calculated bulk water temperature in the tube is 180 F, at least 30 degrees below the
boiling point at atmospheric pressure, and more than 60 degrees below the local saturation
temperature. The maximum fuel rod surface temperature is 185 F, which again rules out
any boiling on the surface of the fuel rods. The maximum calculated fuel temperature is
only 187 F.

The conclusion of this analysis is that from a heat transfer point of view, the simultaneous
transfer of two fuel assemblies did not pose any danger of boiling or excessive fuel

temperature.
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1. The decay heat rate remains constant at the value corresponding to the time of off-

load (no credit taken for the exponential decay thereafter).

2. The spent fuel pool and the reactor side pool are maintained at 160, which is the

maximum pool temperature.

3 The 2" diameter holes (193 total) drilled in the upper and lower cavities of the fuel
carrier provide sufficient flow area for the cooling water, to avoid hot pockets.
Results of the analysis show (see Tables 1 and 2) the required flow area to be less

than 0.1 ft* compared with 1 ft area of fifty 2" diameter holes.

4 The minimum time between reactor shut-down and fuel off-load is 150 hours.

A conservative value of 72 hours will also be evaluated.

5 Heat transfer from the fuel rods to the water is assumed to be by natural convection
only. The axial motion of the water in the transfer tube, and its effect on the rate of

heat transfer is ignored, for conservatism.
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4. DESIGN INPUT:

The fuel transfer tube has an inside diameter of 35.5" and a length of 44’ -8" (see
Fig. 1). The centerline of the tube is at the elevation 28' 6" and the low water level

in the pool is at 60'-8" elevation (Ref. 4).

The fuel carrier assembly consists of an upper cavity and a lower cavity, each with
a cross-sectional open area of 9"x8" and a length of 15'-9 7/8" (Ref. 11)(see Fig. 2).
The fuel bundle has a cross-sectional area of 8"x8" (Ref. 6), which leaves a half
inch space on each side and a one inch space at the top. A large number of 2"
diameter holes in the upper and lower cavities allows the cooling water to reach the
fuel bundles. The lower cavity has 48 holes on the bottom surface, 16 holes on the
sides, 32 holes on the top, and 4 holes at the end, for a total of 100 holes (Ref. 13).
The upper cavity has 40 holes on the bottom surface, 24 holes on the sides, 25
holes on the top, and 4 holes at the end, for a total of 93 holes (Ref. 14).

Fuel assemblies consist of a 16x16 array of fuel rods with approximate outside
dimensions of 8"x8"x177" (Ref. 6). Each assembly consists of about 1,054 pounds
of UO2, 300 pounds of Zircalloy and the remainder (78 pounds) stainless steel (Ref

3). There are 236 fuel rods (maximum) in each assembly (Ref. 1).

Fuel rods consist of UO2 pellets in a Zr4 tube. The inside diameter of the tube is
0.332" and the outside diameter is 0.382" (Ref. 7). The active length of the rods is
approximately 150" (Ref. 7) (see Fig. 3).
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FIG. 1- SPENT FUEL TRANSFER TUBE SCHEMATIC
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The maximum pool temperature is 160 F (Ref. 1, sect. 9.1.3.1)).

6. The density of UO2 pellets is 10.38 g/cu. cm (647 Ib/cu. ft) (Ref. 1, p 4.2-47), their
specific heat is 0.056 Btu/lb-F (Ref. 19), and their thermal conductivity is 4
Btu/hr/f/F at 300 F(Ref. 19).

7. Thermal properties of Zr4 are (Ref 19, p 29-15):

Density = 412 Ib/cu.ft
Thermal conductivity = 8.4 Btu/hr/ft/F
Specific heat = ( 3 Btu/lb/F

8 The decay heat per fuel assembly is given in Ref. 2 as:

2.29E05 Btu/hr After 72 hours
1.68E05 Btu/hr After 150 hrs.

These conservative values are for a fuel assembly that has been continuously
irradiated for four (4) effective full power years. Peaking factors are already
included in these numbers, since they are based on the maximum local decay heat
rates. The values for 72 hours are included and analyzed even though SONGS 2/3
have never begun core off-load in less than 150 hours from reactor shutdown (Ref.
17)
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The analysis consists of two parts:

0 A global analysis to determine the steady-state water temperature in the
transfer tube, assuming a constant decay heat rate.
o} A detailed heat transfer analysis of a single fuel rod to determine the

maximum temperature at the surface and on the centerline.

For a given decay heat rate (Q" per assembly), the steady state temperature in the transfer

tube is calculated from the energy balance equation, assuming two fuel assemblies:

2Q"=mC/(T-T,) (1)
where:
Q"= Decay heat rate per assembly
m = Mass flow-rate of cooling water by natural circulation
C, = Specific heat of water
T=  Steady-state water temperature in the tube (at the top)

T,= Pool temperature

This equation has two unknowns (m and T) which are interdependent. As the water in the

transfer tube is heated, it rises to the top of the tube and moves outward until it reaches
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surface:

where:

and:

where:

Finally

v = C(2AP/p)* (2)
v = Velocity
p = Density of warm water

C = A constant less than one to account for frictional losses.

AP = (p- p,)gH (3)

p, = Density of pool water at bulk temperature

g = Acceleration of gravity
H = Distance from the top of the transfer tube to the pool surface.
m = vpA (4)

either end of the tube. The warm water then starts to rise to the surface of the pool,
forming a column of warm water, similar to the smoke in a chimney. As the warm water
leaves the tube (by buoyancy), it is replaced by colder water at the pool temperature (see
Fig. 4). The velocity of the water is proportional to the square root of the pressure
difference between a column of water at the pool temperature and one at the temperature

T (Ref. 18). The height of the column is from the top of the transfer tube to the pool
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where:
m= Mass flow-rate

A= Flow area

area.

U2, then:

q" = Q"/N/(nd?L/4) (5)
where:

Q"= Decay heat rate per fuel assembly

N = Number of fuel rods per fuel assembly
d= diameter of fuel pellets
L= Active length of a fuel rod

The temperature distribution in a rod with internal heat generation is (Ref. 18):

The maximum value of A is one half of the cross-sectional area of the tube (hot water
moving out through the upper half, and cold water coming in through the lower half of the

tube). The actual required flow area is expected to be a small fraction of the available

This part of the analysis involves the transfer of heat from the fuel pellets, through the

cladding to the surrounding water. Let q" be the rate of decay heat per unit volume of

i
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T=T,+(q4k)(r? - ) (6)
where:
T=  Temperature at a distance r from the centerline of the rod.
T,= Surface temperature of the rod.
r.= Ins de radius of the cladding.

K= Thermal conductivity of UO2.

The heat generated per unit length of the rod is:

q' = q'(nd’/4) (7)

this heat rate must be equal to the rate of heat transfer to the water. But the heat must
rass through the cladding, therefore, using the combined resistance of the cladding and

the surface, we have (Ref. 18):
q' = (2nr )T, - T)/(r,Ln(rjr )/K' + 1/h) (8)

where:
r, = Outside radius of the cladding.

K'= Thermal conductivity of the cladding

h= Heat transfer coefficient.

The heat transfer coefficient for free: convection involving horizontal tubes can be obtained

from (7. 18, p. 342):
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where
= hd/K" = Nusselt number
. = Grashoff number

Prandtl number

Using the above 9 equations, it is possible to calculate the following for stcady-state

conditions

Maximum temperature in the fuel
Surface temperature of the fuel
Maximum water temperature in the transfer tube

Rate of flow due to natural convection

The problem is ideally suited for a spreadsheet program where various assumptions can

be examined and an ite ative solution be obtained
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7. NOMENCLATURE:
A Flow or heat transfer area fth2
C, Specific heat at constant P Btu/lb/F
D Transfer tube diameter ft
d Diameter of fuel pellets ft
y Acceleration of gravity ft/sec”2
g. Conversion factor 32.2 Ib/slug
Gr, Grashoff number Dimensionless
H Submergence of top of tube ft
h Heat transfer coefficient Btu/hr/ft"2/F
K Thermal conductivity of UO2 Btu/hr/fUF
K Thermal conductivity of Zr4 Btu/nr/fVF
K Thermal conductivity of H20 Btu/hr/ft/F
L Active length of fuel rod ft
m Mass flow rate Ib/hr

-~

Nu Nusselt number Dimensionless
Pr Prandtl number Dimensionless
Q" Decay heat rate per assembly  Btu/hr/assembly
q’ Decay heat per unit length Btu/hr/ft

q’ Decay heat per unit volume Btu/hr/ft*3

Distance fro the centerline of rod ft

Inside radius of cladding

ft
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Description

Outside radius of cladding
Density

Maximum water temperature
Pool temperature

Interface temperature
Volume

Velocity

ft
Ib/ft*3
F

F

F

ftA3
fi/sec
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8. CALCULATIONS:

A spreadsheet program was developed to calculate the following for any given maximum

water temperature:

o Water flow rate, and the corresponding flow area as a percentage of the

transfer tube cross-sectional area.

(o} Maximum temperature at the surface of the fuel rods.
0 Maximum temperature at the interface of UO2 and cladding.
(o} Maximum temperature at the centerline of any fuel rod.

The results are shown in Table 1. The input quantities, including properties and design
input values are listed at the top of the Table. The first Guantity in the table is the number
of hours since reactor shut down (150 hour) and the second one is the corresponding heat
rate in Btu/hr for two assemblies. The third entry is the assumed maximum water
temperature in the tube (180 F). The fourth entry is the delta density between 180 F water
and 160 f water, in Ib/cu. ft. The fifth entry is the deita p corresponding to a U tube with a
height of H = 30.75 ft (distance between the top of the transfer tube and the pool surface),
filled with water, with one side at 180 F and the other side at 160 F. This delta P is only
13.069 psf, but it is sufficient to create a velocity of 3.715 f/zec. To be on the conservative

side, we take only one fifth of that (C = .2 in the F column), or 0.743 ft/sec. Based on this
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1RO H20= 61.01 LB/CU.FT K UQ2= 4 BTUMHR/FTIF K ZR4-= 8.4 BIHR/FT/F
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.PR - 2.22 Arod= 0.000601 FT72
/GR/DT/d™ 8.4E+08 Viuel= 3.537504 FT*3 2 BUNDLES
Vrod= 0.007495 F1*3
| HOURS Q b DRO ppP C v A one side % TOTAL TS b 4
Btu/hr ib/fth3 psf ft/sec ftr2 F F
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velocity, we calculate a flow area needed to remove all the heat generated by the two fuel

assemblies. This calculated flow area is less than 1% of the total flow area of the tube,
which shows that only a thin layer of hot water needs to exit the tube and rise to the
surface of the pool, in order to have sufficient cooling.
The maximum temperatures at the surface of the fuel rod, at the interface of UO2 and Zr
cladding, and the centerline of the fuel are calculated for the worst case, i.e the top fuel
rods that are in contact with water at 180 F. The results are:

Maximum Fuel rod surface temperature = 184.0 F (cell E26)

Maximum interface temperature (UO2 and Zr) =184.1 F (celi j21)

Maximum temperature inside fuel = 185.3 F (cell K21)

The formulas used in this analysis were developed in Section 5 and are also listed in Table

3 for ease of reference.

Following is a step by step calculation of the quantities shown in Table 1:

1 Number of hours = 150 (Assumption, supported by Ref. 17)

2 Q = 2x1.68E0S5 Btu/hr (Design input)

3 T = 180 F Assumed and later verified.
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4 Delta Rho, or change in density, from 180 F to 160 F is (Ref. 20)

1/0.016395 - 1/0.016510 = 425 Ib/ft’

8. Delta P, The pressure difference is based on the above delta Rho, the acceleration

of gravity (52.2 ft/sec’), and the submergence H = 31.25 ft:

Delta P = 425 *32.2" 31.25/32.2 (Ib/slugs) = 13.3 psf (or 0.092 psi)

6. The constant C is a measure of the efficiency of the conversion of deltz P to
velocity A very conservative value of 0.2 (20%) is used. This value only affects the

required flow area.

7. The velocity is calculated from the following equation:

v =C(2g9AP/p)™
=0.2(2*32.2*13.3/60)"
=0.755 ft/sec

8 The required flow area (for one side) is obtained from the energy balance equation:
Q"= pvAC(T-T),)

A=Q"/pvC,(T-T,)
=168000/(60%0.755*3600*1*(180-160)) = 0.0515 ft*
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10

11

12

Percent total available area is:

100*A/(nD%4) = 100*0.0515/(3.14*8.75/4) = 0.71% or <1%

The next item is Gr on line 26. Since Gr depends on the temperature difference
between the fluid and the surface, it has to be calculated by trial and error. We skip
the intermediate steps and start with the final answer which is a surface temperature
of 184 F. The value of Gr/(d*(AT)) = 8.42E08 is obtained from Ref. 18 for 182 F,

therefore:

Gr = 8.42E08".032%.032*.032*4 = 110,360

The difference between this number and the number in Table 1 is due to rounding

off the numerical value of d.
Using the calculated Gr and Pr = 2.22 from Ref. 18, we calculate the Nu:
Nu = 0.53*(Gr*Pr)"
= 0.53"(110360%2.22)"
=11.782

The heat transfer coefficient is calculated from the definition of Nu:

Nu = ha/K"
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h = Nu*k"/d
h =11.792"0.39/.032 = 143.7 Btu/hr-ft>-F

13 Now the surface temperature can be caiculated and compared with the assumed

value of 184 F. We need the rate of decay heat per unit length of the fuel:

q = Q"/NIL
q' = 168000/236/12.47 = 57.1 Btu/ft

But: g =hA(T.-T) Where A is per unit length (rd).
or Te=T+q'/hA =180 + 57.1/(143.7*3.1416*0.032) =183 950r 184 F

14, Now we can go back to line 21 and calculate the interface temperature between
UO2 and Zr4:

T,=T+q (r,Ln(r/r )/K' + 1/h)/nd
=180 + 57.1(.5*.032Ln(.032/.028)/8.4 + 1/143.7) /(3.1416".032)
=184.1F

15 Finally the temperature at the center of the fuel rod is calculated:

T=T,+(q"4k)r?

Where
qQ" =q'/ (nd® /4) = 57.1/( 3.1416"*.028*.028/4) = 92732 Btu/hr/ft®
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T =184.1 + (€2732/4/4)*.028*.028/4 = 185.24 F

Since these results show a comfortable margin of more than 30 degrees from boiling, it
was decided to run a case where the off-load takes place only 72 hours after shutdown
(see Table 2). The only difference in this case is the heat load, which is about 30% higher.
The results are not significantly different from the standard case. The flow area is about
30% higher (as expected) but still less than 1% of the transfer tube flow area. The
calculated temperatures are one or two degrees higher than before, but the margin is still
about 30 degrees, and if the saturation temperature corresponding to the local pressure

is used, the margin is more than 60 degrees.

The above results correspond to steady-state conditions and show that a small delta T of
a few degrees is needed to remove the decay heat. If the fuel assembly is initially at a
higher temperature, the heat loss to the water will exceed the decay heat rate, and the fuel
assembly will cool off until the steady-state temperature is reached. At that point the rate

of decay heat is balanced with the rate of heat removal.

The results show that the system is capable of handling two fuel assemblies
simultaneously and to remove the decay heat, without boiling, should the assemblies

become stuck in the transfer tube for an extended period of time.
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) TABLE 2- SPREAD SHEET CALCULATION OF FUEL, CLADDING AND WATER TEMPERATURES (72 HOURS) s IR - >
3 INPUT QUANTITIES - - O=
! 41 m 3 z
B WATER FUEL CLADDING 3 - =
6 =:::===========:===:====== ==‘===================== =======================
7 TP- 160 F CPUO2=  0.056 BTULBIF CPZR4=  0.073 BTULBF - i ,
8 |CPH20- 1 BTULBIF RO UO2= 647 LB/CUFT RO ZR4- 412 LB/CU.FT 3 7 w
9 ROH20-  61.01 LB/CU. FT K UO2= 4 BTUHR/FT/F K ZR4= 8.4 BHR/FT/F 2 m -
10 K H20- 039 BTUHRFT.F  Q150= 336000 BTWHR (2 BNDL) ZR ID= 0.028 FT -~
11 H- 30.75 FT Q72 = 458000 BTU/HR (2 BNDL) ZROD= 0032 FT —— < m
12 |IDTUBE= 296 FT LACTIVE-  12.47 FT m m
13 |LTUBE- 4460 FT NRODS= 236 PER -]
14 PR- 2.22 Arod=  0.000601 FTA2
15 GR/DT/d™ 8.4E+08 Vivel= 3537504 FT"3 2 BUNDLES -
16 | Vrod=  0.007495 FTA3 9 5
17 & 5
18 HOURS Q T DRO  DP C v Aoneside %TOTAL TS TC s 12 3
19 Btwhr IbMr3  pst fusec A2 F F g g ‘
21 | 72 458000 180 0425 13.069 02 0743 0070 0993 1853  186.9 g
2 |
23 |
24 | 1 Gr Nu h  Tclad
25 ; ==========:========2=======================
26 180 13580 124 1522 1851
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AA21 150
A B21 +F10
A.C21 180

A D21 +0.425*(C21-$B$7)/20

AE21 +D21*$B$11

AF21 02

A.G21 +F21°"@SQRT(2°32.2°E21/3B%9)

AH21 +B21/(2°3600°$8$9°G21°3B$8*(C21-$B$7))
Al21 +100°H21/(9*3.1416/4)

A K21 +J21+(B21/$7°$15)*($J810°$J$10/4)/(4°$F $9)
A A26 +C21

A B26 +$B$15°$J511°8J$11°8J811°4

A C26 +0 53*(B26"$B$14)"0 25

A D26 +C26°$8$10/3J811

A E26 +A26+(3B$21°SF$14/$F$15)/D26/(3 1416°8J811)

AJ21 +C21+(B21°$F$14/3F$15)*(0 5°SJ$11°@LN($J$11/8J$10)/8J$9+1/D26)/(3.1416°$J$11)
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