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b" IX. SAFETY EVALUATION

A. Introduction

The Penn State Breazeale TRIGA Reactor (PSBR) was initially loaded with 8.5 wt%
i

U-ZrHusTRIGA fuel (')in December 1965.* The reactor core was operated with good |
performance with this fuel from 1965 through the early 1970's. It was then decided to stnvc to i

reduce fuel costs for the supplier, the Department of Energy (DOE), by achieving higher fuel
burnup through an increased uranium concentration in the fuel. Fuel management studies at the
PSBR performed in 1972"#'showed, by analysis and experiment, that replacing some of the 8.5
wt% fuel with 12 wt% U-ZrH TRIGA fuel would achieve a better fuel utilization and au3
substantially lower fuel cost. The basic "in-out" fuel management method was selected as it would
provide the necessary excess core reactivity to achieve a longer fuel burnup. This "in-out" method
would start with 12 wt% U fuel being placed in some fuel locations in the center most ring, the B
ring. The remainder of the core would be 8.5 wt% fuel. As the fuel was consumed, the partially
burned 12 wt% fuel would be moved further out sequentially to the C and D rings while removing
the 8.5 wt% fuel in those locations. New 12 wt% fuel would be fed into the B ring to replace fuel
moved to outer fuel rings. In a given fuel location unburned 12 wt% fuel will produce a greater
power density than the 8.5 wt% fuel by approximately 35%. Thus, increased power density results i

m higher fuel temperatures which were studied" analytically and experimentally to avoid I
exceeding safe operating conditions. The calculations agreed closely with the experimental data. !

Since 1972 the PSBR has been refueled with 12 wt% fuel.

On July 13,1972 six 12 wt% fuel elements were placed in the B-ring replacing 8.5 wt% fuel which
p was moved to outer rings. This increased the core kf to the level required for a larger fuel burnup |

V and also increased the maximum measured fuel temperature to slightly over 400 *C, well below the
safety limit of 1150 *C. The maximum radial power peaking factor was about 2.0 and the core

I

reactivity increased by 1.624% Ak ($2.32). This reloading schedule of new fuel going into the B;
k

,

ring and after some fuel burnup being moved to the outer rings has been successful over the past 25 |
years requiring only 26 new 12 wt% fuel elements for the core. ;

In 1985 (Core Loading 38) a higher steady state maxiumum fuel temperature was observed (in an
unburned instmmented fuel assembly of 12 wt%U, I-15) compared to previous similar
instrumented (ie.1-13) fuel elements located in the same core position. The reason for this
temperature increase is due to an increased fuel to fuel cladding gap. This was verified by
comparing the peak fuel temperature of two similar instrumented fuel elements in the same core
position subjected to the same sized pulse. The peak fuel temperature during a pulse of the two
mstrumented fuel elements were nearly the same whereas the steady state maximum fuel temperature
was higher in the newer instrumented instrumented fuel element (I-15). Since the reactor pulse can
be considered as an adiabatic process (the reactor pulse is than the thermal time constant of the
fuel), there is no instant heat transfer and the conductance of the gap between fuel and clad is
immaterial. However under steady state conditions, the maximum fuel element temperature is a
function of the gap conductance. Therefore with a larger gap, the fuel temperature will increase. In
the case of I-15, there existed a larger fuel to fuel cladding gap prior to use than with I-13 after use.

* From this point on in Chapter IX, fuel refers to U-ZrH TRIGA fuel with 20% nominala3
enrichment and zirconium to hydrogen atom ratio of 1 to 1.65 nominal.
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It also has been found that the measured steady state maximum fuel temperature int 'ses when
the fuel element ex 1eriences increasing sizes of reactor pulses." Further use of the I-15
instrumented fuel e ement in larger pulses showed an increased steady state maximum fuel
temperatum. It is believed that the larger pulses produced a permanent strain in the fuel cladding
due to the fuel thermal expansion. At the lower average steady state fuel temperature the fuel
expansion is less than that occurring during the pulse, thus creating a fuel to fuel cladding gap.
A new fuel management strategy has been developed to manage the sustained steady state fuel |
temperature." 1

The principal computer programs used to perform the calculations are PSU-LEOPARD (8),
EXTERIMINATOR-2(9), MCRAC(10), and SCRAM (!!). PSU-LEOPARD incomorates the

'

standard LEOPARD (12) computer program as originally received and adds additional |
subroutines. LEOPARD and PSU-LEOPARD calculate the group constants of the core as a '

function of burnup.

MCRAC is an automatic, multi-cycle, two-dimensional depledon code that gives the power
distribution, keg, and isotopic inventory of the core at each bumup step. It is based on the flux !

and kefr calculation performed by EXTERMINATOR-2, a multi-group two-dimensional
diffusion theory code.

SCRAM is a multi-cycle depletion code created specifically for TRIGA reactors and adapted to
the PSBR lattice design. It uses analytical equations to compute the power distribution, keg,
and isotopic inventory for each cycle. The analytical equations are based on diffusion theory
and the empirically fitted constants are derived using the PSU-LEOPARD, EXTERMINATOR-
2, and MCRAC codes. In general, the calculations give good agreement with the measured

power distributions and neutron fluxes.(i.2.7) Any equivalent codes can be used as long as they
are properly benchmarked.

'Ihe fact that one can calculate the power distribution with good accuracy is important to
calculating the safety margin in PSBR operation. The calculations identify the fuel element
having the maximum elemental power density, MEPD, in the core, and thus the one which will
produce the highest fuel temperatures. This is true for both steady state and pulse operations.

The experimental and analytical studies which have been performed to show the safe.ty margin in
the operation of the PSBR are described in this section. In particular, the maximum measured
fuel temperatures during steady state operation and pulse operation are mathematically related in
a unique way to allow predictions of their values during the PSBR operation. All predictions
indicate that the design and construction of the PSBR is such that the safety limit of the fuel will
not be exceeded during steady state operation. Further, any pulse temperature of too large a
magnitude can be prevented by reviewing the steady state temperature measurements prior to
pulsing a large excess reactivity into the core as part of administrative control. This is also true
for abnormal operating conditions. The following accidents are analyzed:

1. The loss of coolant accident.
2. The design basis accident which includes cladding rupture.
3. A mactivity accident.

The results of these analyses demonstrate that the reactor can continue to be operated
| safely within bounds of this safety analysis and the regulatory limits.

January 14,1997x
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B. TRIGA Fuel Temperature Analysis of the Penn State Breazeale Reactor;

|
'

There are two limiting conditions for establishing maximum allowed fuel temperatures.
First, when the reactor is operanng in the pool of water, the fuel temperature safety limit is
1150 *C. Under these conditions, the fuel cladding temperature is less than 500 *C and the
cladding will not be ruptured by the internal hydrogen pressure."'I During a loss of coolant
accident (LOCA), the fuel is not covered with water and must be air cooled. Secondly, when
the fuel is air cooled, the cladding temperature will go above 500 'C, where the strength of
the cladding decreases. Below a fuel temperature of 950 *C the hydrogen pressure will not

1

rupture the cladding when the fuel and the cladding are the same temperature.03) Under these )
conditions, the fuel temperature safety limit is 950 *C.

Flux gradients across the fuel produce uneven temperature distributions. Pulsing a TRIGA
fuel element to high power densities produces sudden expansion and contraction. During
the rapid expansion phase, a large temperature gradient in the radial direction can cause
uneven axial expansion producing a transverse bend. Experience with the TRIGA fuel
elements has shown that they can receive thousands of pulses without being damaged
provided their temperature limits are not exceeded. TRIGA fuel elements are considered
damaged and no longer useable if their cladding has been ruptured or their dimensions
change to where the transverse bend exceeds 0.125 inches over the length of the cladding
or the length increases 0.125 inches.

He temperature profile in a single TRIGA fuel element is a function of its fuel andO fission product distribution and is different for pulse operation compared to steady stateV operation. During steady state operation, the maximum fuel temperature is at the central fuel-
zirconium rod interface. Since the thermocouple is placed near this interface, the measured

fuel temperature is close to the maximum fuel temperature (4)(the maximum fuel temperature |
has been analytically determined to be no more than 5% more than the measured fuel
temperature). During a pulse, the maximum fuel temperature is near the fuel-cladding |

interface and the measured fuel temperature is no less than 60-65% of the maximum fuel
temperature.(4) To know what limits to place on operation,it is imponant to understand the
TRIGA fuel temperature distribution in a fuel element during steady state and pulse operation
and to relate the measured fuel temperature to the maximum fuel temperature.

An instrumented TRIGA fuel element is built with three thermocouples placed 0.0226 ft
radially from the center, but spaced vertically 1 inch apart. The middle thermocouple is in
the midplane of the fuel region of the TRIGA fuel element. He thermocouple measures
the fuel temperature at a specific point within the fuel element which is not the maximum
fuel temperature for pulse operation. During a pulse, the temperature distribution is the
same as that of the volumetric thermal source strength, q'"Q), so that the peak fuel
temperature is near the fuel cladding interface. This is due to self-shielding within the
fuel. As a result, the measured fuel temperatum can be significantly lower than the
maximum fuel temperature. On the other hand, the peak fuel temperature during steady
state operation is at the inner boundary of the fuel; thus, the measured fuel
temperature is slightly less than the maximum fuel temperature. The measured fuel

| temperature in an 8.5 wt% U fuel element is closer to the maximum temperature than it is
| in a 12 wt% U fuel element because the self-shielding of the 12 wt% U fuel U is greater
! than the 8.5 wt% U fuel thereby producing a q"'Q) with a steeper gradient.

|k
| January 14,1997
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De temperature distribution within the fuel can be calculated from a knowledge of fuel
geometry, heat transport parameters, and q"'(t) as shown by Haag and Levine.W The

. volumetric thermal source strength in a fuel element is a function of the core power, the core -

configuration, and the element's position within the core. For any core configuration, q"'(t)
can be determined by neutronic analysis and then used to determine the peak temperature i

during a pulse or during steady state operation. He steady state fuel temperature is !

determined by the boundary conditions at the cladding water interface and the value of q"'(t). -

Studies performed by Haag and Levine have shown that subcooled boiling takes place in the
PSBR when the 'IRIGA core exceeds 200 kW. His helps limit the temperature rise of the ,

cladding surface temperature, te, because when boiling occurs te inemases proportional to '

approximately (q")""." Hence, the heat flux, q", must increase by a factor of 8 to increase
the difference between tc and the water saturation temperature by a factor of 2.

It is important to recognize that the q'"(I) produced in a fuel element for a particular core
configuration is the heat source that establishes the fuel temperature for both steady state :

operation and pulse operation. Hence, there is a direct relation between the measumd fuel
temperature at steady state and during pulse. operation for the same core configuration and
fuel element. The fuel temperature measured in the fuel element having the highest power
density in the core during steady state operation can be used to determine the maximum |
fuel temperature in the core during a pulse. This relationship is described in this section. !

!

1. Steadv State Analyses

O- standwd heat transvert caicuiation are used te anaixze the steadx state fuei iemneratures
for the PSBR.

Ixt
volumetric thermal source strength at position r within the j*q,'"(r) =

region.
power generated by the j* fuel element .P, =

Den
r3

P, = j q,'"1 r dV, (1) ,iv s

whem the integral is over the fuel volume, V, of the j* fuel element. The average power,

P produced by a fuel element in the core, and the normalized power for the j* fuel j

element, NP,, are related to P, by the expression

P,=FNP,, (2)
!

A core of Ne fuel elements producing a total power of Q can be expressed as

Q = N P = N q"'V, (3a)c c

January 14,1997
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|U and i

P=O = q"' V , (3b)
- -

Ne

where q'" is the volumetric thermal source strength averaged over all fuel in the core, and Ne
is the number of fuel elements in the core.

It can be immediately observed that operating at 1 MW, implies that for a core with Ne = 90,

then P = 0.0111 MW, and for a core with Ne = 100, then P = 0.010 MW.
]

Using Goodwin' sos) measured g '"(r,z) asj
i
I

q,'"(r,z) = (A, + B r )q),"(z) (4)
a

o

I

where for the j'" fuel element
j

j q '"(r,z)dV = q,"'V, (5)j
v

z is the axial position along the j'" fuel element, and A, and B, are constants. A |Ob thermocouple is located at the fuel midplane where z = 7.5" The length of the fuelis J

15" Thus, at the fuel n' ' plane,

ag '"(r,7.5) = q,i"'(r) = q ,'"(A, + B r ), (6)j o

and

q ,"' = f,q3'" = f,N P,q"' = f,N P, (7)
,

where f, is the axial peaking factor. The following definitions are used for the j'" fuel
element in these equations:

q,"'(r, z) = point volumetric thermal source strength,
'"

volumetric thermal source strength averagedq3 =

over the radial direction ,

q ,' " volumetric thermal source strength averaged=

over the fuel volume.

When the j'" subscript is missing, q '"and q '" refer to the fuel element producing an
average power in the core.

January 14,1997
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| For the j* fuel element

P, = q "' V , (8a) |j

and
'p-

q'" = V . (8b)

|
Equation (8a) can be written, using Equation (2), in the following form:

| P,'= NP,q'" V . (9)

'

'lhe temperature rise between the fuel and the cladding at the fuel element midplane

| during steady state operation is directly depende.it on q,j'"(r). Dropping the j subscript
for convenience but remaining in the fuel midplanc

!

!
-- k,r dt" = -q,"'(A, + B r ), r, s r s R, (10)
11

-

- ,

t o

| r dr dr
t ,

where

O r. = < ains er z< <co in tac center or t#e rnei roa. |R= radius of thc fuel rod.
~

Integranng Equation (10) gives

2k, _ 2 (R - r )- A r,"In b + 3-(R* - r ) -'' In 5 (11)^2-
8 dt(r)-t, = ,o

r 8 2 r_

All parameters in Equation (11) are described and given in Table 9-1. Substituting the
values for the parameters into Equation (11) gives, for the thermocouple temperature, t ,io

t , - t, = 6.039x10-5 '", (12a)i ,

Substituting Equation (7) into Equation (12a) and returning to the j* fuel element gives

|

(t,, - t,), = 6.039x10-5 NP, (12b)3

;

{ Using Q = 1 MW in Equation (3b),
.

'

P=1 3.412x10' BTU (13) i
'

-- ,
i N nr |e

}
January 14,1997e
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Table 9-1 |
!

Parameters for the 12 wt% U-ZrH TRIGA Fuel Elements !

(Enriched to less than 20% 235U) ;
i

!
Thermocouple radius, Rtc 0.0226 ft t |'

Fuel mean radius, R 0.0596 ft t !

0.0079 ft i |Zr rod radius, rz

| Cladding thickness, C 0.00165 ft :

Fuel element radius, R + C 0.06125 ft t !

Conductivity cladding, kc 9.5 Btu /hr ft2p
Conductivity fuel, kg 10.5 Btu /hr ft2p ;

Core average volumetric thermal 2.49 x 10s Btu

source strength, q'" hr ft3

Ao (12 wt% U fuel new)(Reference 4) 0.6534
Bo (12 wt% U fuel new)(Reference 4) 202 ft.2 |
Number of elements, Ne (Loading 36) 94.6

'

Number of elements, Ne (Loading 45T) 88

O I ^ xi>i ne *ies t cte= fa ' 25
;

Prompt temperatum coefficient., at (Ref.19) -1.4 x 104 Sk/k/*C
"

C, (Loading 36) Conection Factor 0.98** j
:

* This value is used for analyses subsequent to the original SAR since it is a more typical
value used forTRIGA mactors.

** See the description of this factor in the text immediately after F1]uation (15).

i These are nominal values and may vary with the manufacturers specificaion. It is also
assumed that the fuel - cladding gap is zero (0) which in general is not true.

i
|

|

O I
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He volume of fuel in a TRIGA fuel element is
:

| V = x(R -r,2)H,

i where H is the fuel height. Using H = 1.25 ft and the value from Table 9-1 for the other
1 parameters
4 V = 1.37x10-2 ft , (14)
i

j Substituting Equations (13) and (14) into Equation (8b) gives
:
'

q"'= C,2.49x10* BTU
-

(15)
; N hr ft* ,

e
|

| where C, is a con ection factor for setting the power instrument to read 1 MW when the actual

| power is reduced by the factor (1-C,). His reduction is to provide an extra margin of safety to
j compensate for an uncertainty in calibration. What value is used for C, depends on how the
j equations are being used. If they are being used to predict fuel temperature from a given NP, a
i more conservative C, =1 should be used. If the equations are being used to determine NP
!

from measured fuel temperature, a C, 5;l may be used depending on the confidence the
; experimenter has in the accuracy of the power calibration.

Equation (12b) can now be written as:

(t , - t,), = 1.5x10*C, f,NP''F, (16)i
; c
;

i
(t , - t,), = 8.33x10*C, f,NP''C,: i

N3 e
The measured fuel temperature, t , depends on the temperature at the cladding surface in the3

ie
! fuel midplane, t,. Because of subcooled boiling above 200 kW, this temperature rises very

| slowly. The At is proportional to (q'")" ', where At is the difference between t and the
o

coolant saturation temperature.00 As a result, it is assumed that the surface cladding is
superheated by a fixed At degrees and thus at 1 MW, t, = 140 *C. This should be correcta

I within i 10 *C at 1 MW for all NPj's greater than 1 and less than 3. We may write
}
! t = (t, - t,)j + (t, - t ), + t,, (17)ic c

where the first term on the right hand side of Equation (17) is evaluated using Equation
'

1 (16). The second term, the temperature change between the fuel cladding and the surface
; of the fuel rod, is derived assuming a gap, g, between the cladding and the fuel.

;

; Solution of the standard heat equation gives for
4

(t, - t,), = (t, - t,), + (t, - t,)3, (18a)_,

; . January 14,1997
1
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the following equation:'

(t, -t,)' = q ' InR + g + q ' inR+g+Cq q ,

-(18b) <

,

2xk, R 2xk, R+g !

where
,

t, temperature of the fuel at the fuel cladding interface=

t
| g temperature of the cladding facing the gap=

;
'

kg conductivity of the gap=
;

k, conductivity of the cladding |=

C thickness of the cladding=

thickness of the gap i|g =

q'= linear heat generation rateq

and the other parameters are as previously defined. |
Thus

(t, - t,), = 4 ' InR+g4
(19a)

2xk, R,
and i

qu' I R+g+C q'I R+Cq

| (t,-t,)8 = 2xk, n R+g 2xk, n
,

(19b) ;st-
,

R

Equation (19a) will be evaluated experimentally as described later, whereas Equation
i (19b), the temperature drop across the cladding, can be evaluated from the physical

values of the parameters.

| By definition

q ' = x(R - r )q o . = x(R - r!)f,NP q'", (20)
2

q q j

i

Assuming an average core temperature drop across the gap, ii,, Equation (19a) becomes
-

(t, - t,), = C,f,NP'Ato, (21a)j

| where
l

-At, = R' - r'' q'"In + gR
(21b)

2k, R.

Also, Equation (19b) becomes, using Equation (20)

i

|
(t, -t,), = R -r* f,NP g'"In R+C-

j '

R
9s

January 14,1997
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Using the values of Table 9-1, Equation (21c) reduces to

(t, - t,), = 1.248x10'C, f,NPi F. (21d)

(t,-t ), = 6.936x10 C, f,NP' 'C.c

Substituting Equations (21a) and (21d) into Equation (18a), and using the result in Equation (17),
it follows that

'

9.024x10 4

t,= + to C,f,NP, + 140 *C. (22) Iic
< c >

Equation (22) is used to calibrate an instrumer ted 12 wt% U fuel element to provide a
measured fuel temperature, t , during steady state operation.ic

2. Pulsing Characteristics of the PSBR

The temperature distribution in a TRIGA fuel element during a pulsa has the same distribution as
expressed in Equation (4) up to 89% of the fuel radius.05) It has been found that adiabatic

conditions hold up to 0.07 sec. during which time the maximum fuel tempemture is reached.os)
Using the values of Table 9-1,it is found(4) that the maximum fuel temperature during a pulse is
1.6 times that measured by the thermocouple. Thus, during the pulse, the shape of the
temperature distribution in a fuel element remains constant, but the magnitude quickly rises.
What we are concemed with hem is the maximum fuel temperatures reached during the pulse.
To prevent confusion, we use the term highest maximum f uel temperature to refer to the highest
temperatures reached at any point within the fuel element during the pulse. The highest
maximum fuel temperature is thus the nuximum fuel temperature reached during a pulse and
must remain below 1150 'C. However, the highest measured fuel temperature is 1/1.6 or
0.625 times the highest maximum fuel temperature which corresponds to a measured fuel
temperature of 720 *C. Thus, setting the Limiting Safety System Setting (LSSS) at 650 *C,
corresponds to a maximum fuel temperature of 1040 *C. The LSS scram will have no effect on
the maximum fuel temperature reached during a pulse because the instrumentation time lag |
allows the peak to be reached before a scram can occur. The maximum fuel temperature reached !

during a pulse must te limited by the magnitude of the prompt excess reactivity insertion (Sk )p

and/or the q"'(r) produced in a fuel element for a particular core configuration.

A semi-empirical equation, Equation (29), is developed using the definition of the prompt !
tempemtum coefficient. The large negative prompt temperature coefficient, ot, provides
the TRIGA core with its pulsing capability. When excess k.n, Sk x = ken - 1, is inserted !
into the reactor, the reactor will go on a prompt period, provided I

Sk, = Sk,, , (23)

is positive, i.e., Sk, > 0. is the effective delayed neutron fraction (0.007).

v January 14,1997
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I
Stp = maximum fuel temperature rise averaged over the total corr; fuel

volume for a pulse., ,

| 5 poi = maximum fuel temperature rise averaged over the radius of the f" !
'

fuel element at its midplane. ;
a= prompt temperature coefficient of reacdvity of the TRIGA core. (

|
'Ihe prompt temperature coefficient is defined as: |

!,
,

Ska=", (24a)
Stpp

or

Sk"-Stop = - (24b),

a

where

Skp prompt excess reacuvity insertion.=

En average maximum rise in core fuel temperature due to the prompt=

excess reacuvity insertion.

Equation (24b) does not include the average core temperature rise due to a pulse insertion
of $1 excess reacuvity, Stpi. Thus, the total average fuel temperature rise during a pulse,
Stp,is:

Ep = 5pp +5pi. (25a)

For the f" fuel element, its corresponding temperatun: increase in the midplane is

._ __

Stpoi = f,NP,Stp, (25b)

or
i

|
.-Stpoi = f,NP,(- Sk") + f,NP,5pi. (25c)

a

Inidally the core fuel temperature is that of the pool water, To, and during the pulse an j

adiabatic increase in temperature, Stg(r),is assumed. Hence, j

Stg(r) = 5 poi (A, + B r*). (26a) Io

January 14,1997
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Equation (26a) expresses the maximum temperature rise above room temperature for the

f" fuel element as a function of fuel radius. For convenience

Stpq(r)=Mpqf(r), (26b)
'

where

f(r) = A, + B r . (26c)o

'Ihe temperature in the midplane of the fuel element at any r position, tpy(r)can be
expressed as:

tpq(r) = 5pqf(r)+ T . (27a)o

Iet

tpq = maximum pulse temperature measured by the

thermocouple in the f" fuelelement.

Then
/3V tpq = Mpqf@,,)+ T . (27b)o

Using the values of Table 9-1

tpq = 0.7566 5pq + T . (27c)o

Substituting Equation (25c) into Equation (27c)

'
~

tpq = 0.7566 f,NP - Sk"' --

+T (28)+ f,NP 6tpi
3 3 o

e u>

Equation (28) is used as the basis for developing the semi-empirical equation, Equation
(29), to fit the actual pulse data as a function of NPj, i.e.,

r gg a
+ f,NP,Mpo + T , (29)tpq = K,,f,NP, -

P
oa( s

where K 4 and Spa are empirical constants to be determined experimentally. The1

experimental data may also be rep esented by:

t - T = M Sk, + b,, (30)
-

jpq o 3

January 14,1997
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where

M, = K f,NP,u
(31a),

-ot

and,

b, = f,NP 5ipo. (31b)4 i

| NPj and Sipo are determined by fitting the experimental data to Equation (30) where NPj,

f., and a are known. In Equation (30), Mj Sk represents the temperature rise during ap

pulse due to the prompt excess reactivity (Sk ) insertion and bj represents thep

conesponding temperature rise due to the $1 excess reactivity insertion.

3. TRIGA Experiment to Measure Fuel Temocratures

', Using the analyses of the previous sections, a calibration was made to determine fuel
temperatures for steady state and pulse modes of operation. This section describes the

! calibration techniques.

A series of fuel temperature measurements were made using the 12 wt% U fuel*

- -

. instrumented fuel elements in com configuration loading 36 as shown in Figure 9-1. One
instrumented fuel element, I-13, had been in the core since September 1977 (in the B i

'

ring, the position of MEPD) and the other, I-14, had never been used. The first series of |3
-

measurements was taken with I-13 in the G-8 core position and I-14 in the G-10 com"

position. The core position of a fuel element is identified in Figure 9-1 by a letter for the
vertical axis position and a number for the horizontal axis position. The instrumented
fuel elements have been numbered sequentially with an I prefix. After rotating both fuel
elements at 0.5 MW steady state operation to obtain maximum temperature readings, the.

reactor power was increased in steps to 0.7 MW,0.9 MW, and 1 MW. The actual values
of the power wem 0.98 (for loading 36) of that read on the reconler because the readout
on the linear recorder was adjusted to read 0.4 MW when the actual power, as determined
by a thermal power calibration, was approximately 390 kW (see the description of C,4

immediately after Equation (15)).

After completing the series of steady sta e runs, the reactor was pulsed sequentially with
2,2.25,2.50, and 2.75 dollar pulses. Before each pulse, the reactor was made
suberitical to allow the temperature to reach equilibrium.

The above experiment was then repeated to determine reproducibility and measure the
effect of the gap in I-14 created by the 4 pulses. The above measurements were again
repeated with I-13 positioned in G-10 and I-14 positioned in G-8 to again study the
reproducibility of the data and obtain another measurement on the temperature drop

_

across the fuel cladding gap, Atg.

The steady state and pulse measurements were again repeated, first with I-14 in F-10 and
then with I-14 in H-11; I-13 was in position in G-8 for both sets of these measurements.'
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The data for all measurements (done prior to 1986) are summarized in Table 9-2. Both j
the chan recorder and the meter were used to measure the fuel temperature of I-13 as
shown in Table 9-2. The chart recorder was connected to the thermocouple at the
midplane of the fuel element, whereas, the meter was connected to the thermocouple
located 1" below. The banked control rods during a pulse causes the position of the
highest power density in the fuel element to be displaced slightly downward from the !

-

midplane of the fuel. This causes the meter readings to be approximately 24 *C higher
than those read on the chart reconfer. |

4. Evaluation of 5g for Fuel Element I-14
:

The unused TRIGA 12 wt% U fuel instrumented fuel element, I-14, has been placed in
the core configuration of Figure 9-1, Core Loading 36, and experiments performed to
evaluate Equation (22). It is assumed that before pulsing the instrumented fuel element,
1-14, it had a Ato qual to 0 as the fuel would be in contact with the cladding. When thee

fuel element is first pulsed, the cladding is stretched introducing a gap which increases
the Atg. After a number of pulses of the same size (i.e. $2.50), Ato reaches a maximum

value and does not increase with further pulsing.W

He increase in 5g after pulsing I-14 several times is now detennined by comparing the
steady state temperatures for the same condition after each set of pulses. It has been

;

p found that measured fuel temperatures will increase funher due to an increase in Ato
V when at some later time pulses of a larger size are performed (i.e. $3.00).*'*,

At 1 MW,I-14 measured tic = 372 *C in Core Loading 36 and position G-10 before any
pulsing began. (Note that for work that was donc for the original SAR C, = 0.98 and f,
= 1.35 and for subsequent analyses 1 and 1.25 are used respectively. The former because
of the reasons stated immediately after Equation (15) and the latter because the 1.25 is a
more typical value used as a design specification for axial peaking for TRIGA fuel (31))
Using Equation (22),

372 = 0.98 '024x10 x 1.35 NP, + 140,
9

94.6

it follows that

NP =
- 0

= 1.84.
I 128.8 x 0.98

After 4 pulses
t , = 418 'C ,i

and thus using Equation 22 again while holding NP, constant at 1.84,

418 = 0.98(95.39 + Ata)(1.35)(1.84)+ 140,
~

O a. = 4 9 c .
January 14.1997
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Table 9-2 '

i
Fuel Temperature Measurement Data for Loading 36

To = 21 *C

tm(*C) Recorder / Meter

j[
Fuel Core t c(*C)t

Element Position ss1Mw Pulse $2.00 Pulse $2.25 Pulse $2.50 Pulse $2.75

.
I-13 G-8 412 353/379 392/421 436/467 478/509

1

I-l3 G-8 411 -- --- --- ---

I-13 G-8 411 343/381 387/421 431/461 478/511;

I-13 G-8 411 350/381 389/419 435/466 478/511
-

I-14 G-8 455 389 427 468 517

I-14 G-8 466 395 434 482 518

: O I-13 G-10 381 323/333 359/371 399/412 430/453
s

I-13 G-10 382 311/332 357/373 400/416 439/453

' I-14 G-10 372 339 375 415 456
,

'

I-14 G-10 418 --- --- --- --

I-14 G-10 450 348 391 425 466
I

I-14 G-l l 433 342 373 411 449

I-13 is a 12 wt% U fuel element burned to 2.2 Megawatt days
I-14 is a fresh 12 wt% U fuel element

i

4

'

(

January 14,1997
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These data and analysis show the initial (few pulses) increase in the temperature across
the gap. Further data has shown that the increase in Ato diminishes to zero with
successive pulses (see Table 9-2, lines 9 and 10). Element I-14 was then moved from
position G-10 to position G-8 in the B-ring where the NP, is different from that in G-10.

Assuming So = 19 *C and using t = 445 *Cas measured in its new position at 1ic
MW,it follows that

|445 = 0.98 (114.4) 1.35 NP, + 140.

Therefore, ]

N P, = 2.02 .

After 8 pulses, the t for element I-14 was measured again in position G-8. This timeic

t was 466 *C at 1 MW. Therefore, using Equation (22) while holding NP, constant at |ic

2.02,
466 = (96.4 + 5g)(1.35)(2.02)0.98 + 140,

we find

5g = 26.6 *C .,

iIt can be observed that after 8 pulses, 5, = 26.6 'C . Past studies have shown that '

additional pulses do not alter the 5, significantly.5) For I-14, it is assumed that after
many more pulses of the same size (i.e. $2.50), the So increase will be 1 *C, hence we I

use

5, = 27.6 *C ,

and Equation (22) becomes for Loading 36 at Q = 1 MW

(t ), = 166C,NP, + 140. (32)ic

Equation (32) can now be used to determine the NP, for I-14 anywhere in Core Loading
36 at 1 MW power as long as larger sized pulses are not performed resulting in an
increase in Eg.*) To eeneralize Equation (32) for any core configuration and similar
fuel element design specifications,it is only necessary to account for Nc. If this is done,
Equation (32) becomes

(t ), = 1.57x10' C,NP, + 140. (33)ic

The steady state data of Table 9-2 has been evaluated using Equation (33) and the results
are tabelated in Table 9-3. The t for the G-10 position was not measured after all pulsingic

h had ceased and, therefore, is not listed in Table 9-3.
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f

Table 9-3
|

Evaluation of NP,'s from I-14 Data

l
|

NP, NP, (Ave)
'

t,, Steady State Pulse
Core Position (*C) Eq.(33) Eq. (34)

G-8 467 2.01 2.07

F-10 450 1.90 1.85

H-11 433 1.80 1.78

G-10 1.84 1.80

Table 9-4

Pulse Parameter Characteristics of Fuel Element I-14

M, M,/NP, bj
X104 X104 b,/NP,

Core Position NP 'C/Sk/k *C/Sk/k *C *C

G-10 1.84 2.23 1.21 162 88

G-8 2.01 2.44 1.21 197 98

G-8 2.01 2.34 1.17 210 104

F-10 1.90 2.25 1.I8 170 89

H-11 1.80 2.04 1.13 178 99
.

O
January 14,1997
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Equation (33) is used to evaluate the measured fuel temperature during steady state i
operation. During steady state operation, the measured fuel temperature is close to the i

maximum fuel temperature (within 5%). In this case, the LSSS of 650 *C is extremely
conservative becuum under steady state conditions, the maximum fuel temperatum is no
greater than 682 'C (6bC *C + 5%) and thus, is well below the safety limit fuel
temperature of 1150 *C. For . loading 36, an upper limit for the measured maximum fuel
temperature can be determine 1 by setting NP = 2.2. Extensive calculadons have been

performed (1,2,5,7,27) to study the maximum power distribution produced by different
core configuradons with fresh 12 wt% U fuelin the B-ring and the other core
configurations containing a mixture of both 12 wt% U fuel and 8.5 wt% U fuel. Future
maximum steady state measured fuel temperature will be below the 650 *C LSSS.

5. Evabmtion of the Pulse Data for Fuel Element I-14

Each series of pulse data using I-14 is fitted to a straight line to determine M and b of
3 j

Equadon (30). Table 9-4 summarizes the results, wherein the data in the last column

show that b /NP, is constant within i 8% for the different core positions. The constantsj

K,4 and Sipo are determinel to be 1.22 and 71 respectively using Equation (31).
Substituting these values and those from Table 9-1 into Equation (29) the result is

tg = 1.177x10*NP Sk, + 95.8NP, + T . (34)3 o

Equation (34)is now used to evaluate NP, for the various core positions. The results are

shown in Table 9-5 give consistent values for NP, using different pulse magnitudes.

This validates Equation (34). The value of NP, as obtained from steady state Equation

(33)is in good agreement with the corresponding value of NP, obtained using the pulse
Equation (34). The highest measured fuel temperatures in fuel element I-14 are compared
to that using Equation (34) in Figure 9-2. It can be observed that the measured
temperatures are in good agreement with Equation (34).

'Ihe Penn State in-core fuel management codes were employed to determine the power
distribution and NP's for Core Loading 36. In a recent Ph.D. thesis,(16) the groupj

constants of the individual fuel elements were evaluated as a function of their bumup
using the SCRAM code. The SCRAM code provides a simple but reasonably accurate j
method of depleting the PSBR core as has occurred since December 1965. These
constants were input into the EXTERMINATOR-2 code to obtain the NP,'s for Core
Loading 36. The NP's for G-9 and H-10 with new 12 wt% U fuel varied between 2.03

|j

and 2.10. This is to be compared with the measured values of 2.01 steady state and 2.07
by pulse. In general, the steady state and pulse NP's agree with i 3%. |

It is now possible to eliminate the NP, from Equation (32) and Equation (34) to give for
'

1-14

- T, = (72.2Sk + 0.588) t* - 140*C .t (35)g y

January 14,1997
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: Equation (35) is an equation developed for fuel element I-14. It can be used anywhere in
the core to predetermine the highest measured fuel temperature as a function of pulse
prompt excess reactivity insertion (Sk ). It will require using the I-14 measuredp

#

temperature when operating at 1 MW with I-14 in the same core position. For Core
Loading 36 and using a maximum value of NP = 2.2 and cormsponding tic = 499 *C,

- see Equation (32), the maximum value for tpo)is 684 *C for a pulse reactivity insertion of
$3.50 assuming T = 21 *C and C, = 1.0. This corresponds to the maximum fuel

temperature of 1095 *C which is below the safety limit of 1150 *C for fuel damage.
,

Thus, in the future, Equation (28) can be used to evaluate and predict t oj. This r, 'esp
! . placing I-14 in the hottest spot in the core and mnning at 1 MW to evaluate t . Ther.ic

I starting with a $2 pulse, verify Equation (28) and predict tpoj for the high values of Sk .p
The tpoj related to a $2 pulse will be more than 100 *C below t oj for a $2.75 pulse andp,

even much lower than that for a $3.50 pulse. Hence, these initial pulses will producei

,
maximum measured fuel temperatures well below 700 *C and allow determining the

1- maximum fue1 temperature attainable at the maximum allowable reactivity insertion
; pulses. A 700 *C fuel temperature measured by the thermocouple in a 12 wt% U fuel

element corresponds to a maximum fuel temperature of 1120 *C. This is below the,

! maximum allowed 1150 *C.

6. Evaluation of the Fuel Element I-13 Temnerninre Data Pulse and Stendy State) i

Table 9-2 shows the temperature data taken for I-13 and I-14. As expected, a review of
] these data shows that the measured temperature ofI-13 during 1 MW steady state

cperation, t , is significantly lower than the t et ofI-14 for the same core positions. Onic

| the other hand, the I-13 measured pulse temperature data is not significantly lower than
that of I-14 for the corresponding conditions. This is because the Ao and Bo constants of
Equation (;4) are not the same for I-13 and I-14. The depletion of the outer rim of fuel in
I-13 during burnup,in addition to the burnup of 235U in all of the fuel element, lowers
the self-shielding of thermal neutrons. As a result, the q"'(r) distribution for I-13 is4

much flatter than that ofI-14. Using Equation (4) for I-13, and setting

Ao = 0.9267

Bo = 40

yields the results of the I-13 data as shown in Table 9-6. The equivalent of Equation (33)'

and Equation (34) for I-13 are Equation (36) and Equation (37) respectively.

4!

(t ), = 1'68x10 C,NP, + 140 (36)ic
c

tg = 1.475x10'NP,Sk, + 80NP, + T . (37)o
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d

Table 9-5

i Table of NPj Determined for I-14 Using Pulse Data in Eq. (34)
i

i
l

Core Positions
i

i Skex Skp
G-10 G-8 G-8 F-10 H-11Dollars Dollars

1

i 2.00 1.00 1.79 2.06 2.10 1.84 1.80

| 2.25 1.25 1.79 2.04 2.08 1.86 1.78

i 2.50 1.50 1.79 2.04 2.10 1.85 1.78
4

;

1 2.75 1.75 1.81 2 07 2.07 1.86 1.78
:
,

3

Ave NPj 1.80 2.05 2.09 1.85 1.78'
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O.

4
It can be observed that the agreement between the pulse data and steady state data for ;'

j determining NPj is not as good as that for I-14. This is due to the approximations made
in deriving Equations (33) and (34), namely, i,

a. The Ao + Bor2 shape of q"'(r) approximates the excess burnup of U-235 at the :
i perimeter of the U-ZrH fuel in I-13. ;
1

b. He is for I-13 is probably different from that of I-14.+

i However, temperatures measured by I-13 are consistent for the purposes of monitoring
j the core fuel temperatun:s.

7. Conclusion fremnerature Analysis)
,

a

A major conclusion of this section (based upon the present fuel specifications) is that an:

| unused instrumented 12 wt% U fuel element can be calibrated and r. sed to monitor the
maximum fuel temperatures in the core. Once calibrated, the fud dement will only be

'

! used to measure maximum fuel temperatures in new core conGgurations. For steady state
'

operations a measured fuel temperature of 650 *C results in a maximum fuel temperature
! well below 1150 *C. Under these conditions, the measured fuel temperature is close to i

; the maximum fu.:1 temperature. For pulse operation, a measured 700 *C fuel
i temperature correaponds to a maximum fuel temperature of 1120 *C which is below

| 1150 *C. The tafety limit shall not be exceeded during pulse or steady state operation.

| Once a fuel element has been depleted, its maximum steady state temperature decreases as
; long as the gap between the fuel and the cladding remains the same. As experience has
i shown, pulsing at higher levels will increase the fuel / cladding gap and the maximum
j steady state temperature may increase before it starts to decrease. The fuel tempe atures
| measured during steady state operation with a depleted fuel element are related to the fuel
: temperature of a new fuel element by a simple ratio. Hence, this ratio can be used to

assess the maximum fuel temperature during steady state in a new fuel element. The
; maximum fuel temperatures measured with a depleted fuel element during a pulse are
; close to that in a new fuel element. The preferential depletion of the periphery of the fuel

element causes the power distribution and hence, the temperature distribution during a,

: pulse, to be flatter than that of a new fuel element. Hus, the measured fuel temperature in
'

a depleted fuel element corresponds to a lower maximum fuel temperature. It is also
closer to the average fuel temperature. The core average fuel temperature rise for a given,

Sk insertion is the same for all cores. The lower NP for a depleted fuel elementp
accounts for its being closer to the average core fuel temperature.

'

,

|
,

4

!, O .-
.

4
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Table 9-6
.

3

Evaluation of NPj's from I-13 Data
I-13 (1.2 MWD Depleted),

NPJ NPj(Ave)

tto Steady State Pulse
.

Core Position (*C) Equation (36) Equation (37)

G-8 411 1.56 1.62

.

G-8 382 1.39 1.54

O

For comparison, see I-14 data in Table 9-3.
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O C. Evaluation of the Limiting Safety System Setting (LSSS)

The limiting safety system setting is a measured fuel temperature of 650 *C as defined in
the Technical Specifications.

If the core power were at 1.15 MW (15% over power) steady state, the measured fuel
temperature in the B-ring using extrapolated exp*erimental data for, Figum 9-3, Core
Loading 47' with 95.5 elements would be 650 C, (using the 12 wt% U fuel element,I-
15, which had been pulsed at the $3 level 20 times). The maximum temperature will be
slightly higher, but the fuel temperature near the cladding will be approximately half this -
temperature. The extrapolated 650 *C fuel temperature is close to the maximum fuel'
temperatum (within approximately 5%) due to the radial temperature distribution. A
sudden insertion of reactivity with power at 1.15 MW, close to but less than $1, into the
core will initially increase the reactor power exponentially at a period faster than one
second. Using a negative temperature coefficient of 1 x,10-4 5k/*C,' the increase in
average core fuel temperature is less than,

0.0076k /k
= 70 .C

1x10"Sk /k'C

and for an NP = 2.2 and f, = 1.25, the maximum fuel temperature increase is 193 *C
(2.2 x 1.25 x 70 *C = 193 *C). Adding this increased fuel temperature in the hottest
fuel element to the 650 *C steady state temperature results in 843 *C, much less than the
safety limit of 1150 *C. For this to occur at power levels above the power level scram

- setpoint will require that both power level scrams fail. The temperature scram will be
initiated when be measured temperature exceeds its set point. The equilibrium
temperature of 843 *C will be achieved at least within two to three periods (seconds)
after reactivity insertion. A control rod drop time less than one second assures an early
decrease in mactivity and fuel temperature. At this point, the control rods moving into the
core will begin to decrease the reactor power in less than a second after the scram.
Control rods am checked semiannually to assure their rod drop time is less than one
second. The kinetics of the reactor cause the reactor power to decrease as soon as the
control rods move a few inches into the core. Thus, the maximum fuel temperature will
remain well below 1150 *C since the measured fuel temperature is close to the maximum
fuel temperature for these quasi-static conditions.

The maximum allowed pulse reactivity of $3.50 is established to prevent the fuel
temperature from exceeding the safety limit of 1150 *C. A $3.50 pulse, the maximum
measured temperature starting from pool ambient temperature, using Equation (34) and

6 Core Loading 47 is considered an extrema loading relative to steady state measured
peak fuel temperatures.

* The temperature coefficient during a fast period is slightly less than the prompt
temperature coefficient.

'
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NP = 2.2,is 684 *C. This corresponds to a maximum fuel temperature of 1095 *C.
He temperature scram will not lower the maximum fuel temperature attained during a
pulse or.ce the pulse is initiated; however,it does protect the core from high temperatures i
during steady state operation. The core average fuel temperature is independent of core |

size for a given Sk insertion, therefore the maximum fuel temperature attained during ap

pulse for an NP = 2.2 is also independent of core size for a given Sk insenion.p

D. Loss of Coolant Accident

The PSBR pool contains 71,000 gallons of water. For a loss of coolant accident to occur,
a break in the pool wall or break in a connecting pipe must occur below the bottom of the
core. A series of alarms will occur as the water level drops more than 26 cm below
mference pool full level. Just below 26 cm, alarms will notify the reactor operator in the
control room and the University Police Services. If the reactor is operating at 1.0 MW, a
low pool level alarm will alen the operator who is required by administratively approved
procedure to shut down the reactor. There exists a moveable gate that can be used to
isolate either side of the pool after the leak is noticed.

Emergency procedures call for moving the reactor to the non-leaking side of the pool and
isolating that side of the pool with the gate to prevent the water level from dropping
below the reactor core.

i

If the reactor is operating when the leak occurs the reactor operator will scram the reactor |
/m upon receipt of the low pool level alarm. Within two minutes after the scram the

maximum fuel temperature will drop more than 350 *C.07) Three minutes after the I
scram the maximum fuel temperature is within 20 *C of the water temperature."7)

He largest conceivable LOCA is a break in the 6" pipe connected to the bottom of the
!

pool. For this LOCA,it will take more than 1360 seconds (22.6 min.) before the water ;
falls below the bottom of the reactor core. Therefore, the minimum time before air l

convection cooling occurs is about 23 minutes after a LOCA. The fuel ha.s been within
20 'C of the water temperature for approximately 20 minutes before air convection
cooling begins.

As soon as the water falls below the reactor core, the fuel temperature will begin to rise,
because the natural air convection cooling is less effective than water. The rate of rise of
the fuel temperature will depend on the previous operating history of the reactor, and the
effectiveness of natural air convection to cool the fuel elements. The time it takes for the
water to fall below the bottom of the core once LOCA occurs is Os. The time it takes once
air cooling begins until the fuel temperature reaches its maximum temperature is Oe.
Thus, the total time, t, starting when the LOCA occurs until the fuel reaches its maximum
temperature,is the sum of twa times Os and Oe.

i
|
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7,

.

General Atomic conducted a set of LOCA experiments for TRIGA reactors.*) In these
experiments dummy TRIGA fuel elements wem electrically heated in a grid to determine the rate
of temperature increase of TRIGA fuel elements when cooled by natural air convection. The
dummy fuel elements were wound with resistance wire to simulate a cosine distribution similar to
that produced in the core. The standard TRIGA grid-plate assembly pitch for a circular (non-
hexagonal) core was used with a seven element assembly to mock-up the central portion of a

i

standant core. The LOCA experiments were more conservative for two reasons.") The PSBR
does not have a central fuel element in the core to block the air flow in the hottest part of the i

; core.* In addition, the hexagonal pitch of the PSBR is less likely to produce hot spots on the |
; cladding. When the core is uncovered, the central part of the PSBR core will allow more j

efficient cooling of the fuel elements in the B-ring increasing the safety factor associated with
these calculations.

.

The time Os may be computed assuming the 6" drain pipe at the bottom of the pool ruptures. In
this case,

Os = 1360 sec.(23 min.)

To calculate the time Oe,it is necessary to review GA's results as summarized in Figure 9-4
and 9-5. Figum 9-4 shows that with a constant cosine shape power input of 267 watts, it takes

approximately Oe = 300 minutes before the maximum fuel temperature reaches the equilibrium'

temperature, T w, of 600 *C. The maximum fuel temperature attainable, i.e., T.q,uw as a !y

O-
function of the source power in watts,is given in Figure 9-5. The thermal time constant of the

. fuel after a LOCA is approximately the same for all values of decay power. Thus, it will take
300 minutes once air cooling begins before the fuel temperature reaches T.q,us. The fitted

equation for T.q,uw as a function of Oe and Tmu (which in the case of Figure 9-4 is 600 'C) is
as follows:

Teqruei = Tmax (-8.063 x 10 -3 + 2.193 x 10-20e -2.263 x 1040e2 (370)
3 4+ 1.193 x 10 40e - 3.031 x 10-90e + 2.929 x 10-129,5),0<0e<300 minutes.

Before the maximum fuel temperature reached during a LOCA is determined, the core
operation history and maximum fuel element powers must be established. As shown in

,

Figure 9-5, the maximum fuel temperature reached during a LOCA is directly mlated to the
decay power and the decay power is a function of the pre-LOCA reactor operating history.

The following assumptions are conservative and are used to determine the decay power.
The PSBR is licensed for a maximum steady state power of 1 MW and normally operates1

on a 40 hr/wk schedule. Even when the reactor operates on a two shift schedule for
reactor operator instruction or for laboratory experiments, the average power per 40 hr
week is much less than 1 MW. For the 15 years from 1967-81, the PSBR was operated
an average of 15 MW hr/wk. For the 13 years from 1981-94, the PSBR was operated an
average ofless than 5.5 MW hr/wk. Assuming the PSBR operates for 40 hours at 1 MW
during the week establishes an upper limit for its operation. However, to cover any
future increase in operational activities, it will be assumed that the reactor is operated
continuously for one week at 1 MW. With this assumption, the fission product decay
power can be determined in the following manner.
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El-Waki104) gives the following equation for decay power:

0.1(0, + 10)*# -0.087(0, +10 )*#7=

- 0.1(0, + 0, + 10)## - 0.087(0, + 0, + 2x10 )*#' (38)
7

where,
Ps = the power after shutdown produced by the fission product

decay,

Po = the steady state power before LOCA, i.e.1 MW,

Os = the time after LOCA initiation, i.e.,1360 sec,

Oo = the time of operation at power before LOCA, i.e.,
5168 hr. x 3600 sec/hr = 6.05 x 10 sec.

Using these values, at time Os fter LOCA initiation or at the beginning of air convectiona
cooling:

P
E = 1.65x10-8 ,

P.

O i er ir -e ss me - xi- - eie-e t i ve-er ac sitv. useo. er 24.7 *w. 'he ->xi- -
power due to fission product decay, P at time 0 ,iso 3

P = P,N,1000 kW l

o (38a) j
P. ;

;

= 1.7 x 10-2 x 24.7 kW/ fuel element

= 410 watts

Assuming the core is uncovered and reaches equilibrium fuel temperature 1360 sec (~ 23
min.) after a LOCA, the hottest fuel element in the core will have less than 410 watts of
power which will continue to decay.

Figure 9-5 shows the equilibrium fuel cladding temperature as a function of fuel element
power input. The data of Figun: 9-5 have been fit with a straight line equation, i.e.,

T = P + 62.89 (39)o
,

0.5498

where P is the decay power (watts) producing temperature in *C.o

p When P = 410 watts then tmax = 860 *C.oA \
'
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:

his shows, that once air cooling begins and if the average decay power remains constant at; -

'
410 watts for approximately 4 hours the maximum fuel temperature is 860 *C. However,
the decay power does not remahi constant but decreases exponentially. By combining

: Equations (37a), (38), (38a), and (39) an equation of T.y as a function of time after the
i LOCA imtiation is obtained. This equation indicates that the fuel reaches a maximum'

temperature of 468 *C approximately 7160 seconds after LOCA initiation, with a Os (drain
i down time) of 1360 seconds, and then continues to decrease (see Figure 9-6). If Os is

reduced by half to 680 seconds the fuel reaches a maximum temperature of 480 *C
approximately 6250 seconds after LOCA and then continues to decrease. For the most-

severely * conceived LOCA for the PSBR, the maximum fuel temperature remains well below>

3 the 950 C limit throughout the LOCA. It should also be stated that the experimental data of
; Figure 9-4 shows that because of the long time it takes to heat up a TRIGA fuel element,i.e.
; Be, once air cooling begins, the time Os is less critical.
t

. He LOCA for a TRIGA core may also be analyzed analytically instead of by the msults of
i experiments used above. General Atomic used one of their own two dimensional transient-

heat transport computer codes to calculate the TRIGA fuel element temperature after the loss of;

;
pool water.(19) It was assumed that the reactor was operating for an infinite period of time.

{ Their results are plotted in Figure 9-7 for several cooling or delay times showing maximum
'

j fuel temperatures in the TRIGA fuel element as a function of its opemting power. It can be
; observed that a fuel element having approximately 24.7 kW before the LOCA, will attain <
j 950 *C maximum temperature,1360 seconds after the LOCA.

The 950 *C maximum fuel temperatum is important when analyzing the TRIGA com for a
j LOCA. During a LOCA, the fuel element is uncovered producing cladding temperatures
!

greater than 500 *C. Under these conditions,if 950 *C fuel temperature and 950 *C
:. cladding temperature is reached or exceeded, the TRIGA cladding could be mptured.(13.30)
| Below a fuel temperature of 950 *C the cladding remains intact. The strength of the fuel
i element cladding is a function ofits temperature. The yield strength of the stainless steel
| cladding (assuming that the cladding design specifications of the TRIGA fuel elements do not

change between procurements from the as-tested cladding) under LOCA conditions (heated in
air),is shown in Figure 9-8. Also shown in Figure 9-8 is the cladding stress produced by any
gas in the gap. This gas pressure consists of the hydrogen gas pressure plus the pressure of

|. the volatile fission products plus the pressum of the trapped air. It can be observed that the
cladding stress equals the cladding yield strength at approximately 950 *C. This is different:

;. from the safety limit (1150 *C) which is the case when the cladding is in water and cladding
'

temperatures remain below 500 *C.
i

i ne following results are applicable to the PSBR experiencing a LOCA: i

1. He maximum temperature that the PSBR TRIGA fuel element can have during a LOCA i
,

' without damage to the cladding is 950 *C. As long as the 950 *C temperature limit is not
exceeded, there will be no stress sufficient to mpture the cladding thereby allowing the

; escape of fission products.

i |

LO
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2. Reviewing the complete history of the TRIGA cores at Penn State, the PSBR has never
been operated for 40 hours at 1 MW during a week with the 12 wt% U fuel. In addition,
no core configuration is permitted to operate at a power level such that the MEPD is greater
than 24.7 kW. Assuming continuous operation at 1 MW with the 12 wt% U fuel
producing 24.7 kW, a LOCA will not cause the fuel element to heat up to 950 *C ander
any condition.

In conclusion, a LOCA with the PSBR will not result in damaged fuel and, thus, fission
product containment within the fuel is assured.

E. Maximum Hypothetical Accident (MHA) .

The maximum hypothetical accident (MHA) is an assumption that a fuel element cladding i

ruptures in an air cooled core releasing volatile fission products to the reactor bay. The MHA
is defined as a postulated accident with potential consequences greater than those from any
event that can be mechanistically postulated. The assumptions create
conditions far more severe than is actually possible. Nevertheless, the accident is bounded by |die regulatory limits.

!
I

I
The potential hazards associated with the MHA are related to the escape of fission products

s

from the mptured cladding of a fuel element into the reactor bay and then from the bay to the !

environment. The fission product buildup in a fuel element is a function of IO | the fuel element power history and sustained measured steady state fuel temperature. It is I

assumed in these calculations that the fuel element is a 12 wt% U-ZrH fuel element operated in .

the core position of highest power density. The core is assumed to operan continuously at 1 )
MW throughout its life. A review of the operating history of the 12 wt% U-ZrH fuel element !

I-15 shows that when operating at 1 MW it reached a maximum
measured fuel temperature of - 600 *C with Core Loading 47, however 650 *C is used as the

i

bounding sustained measured steady state fuel temperature used to calculate the release i
fraction. Since all of the volatile fission products reach their maximum after a few |

weeks of operation, a value of MEPD = 24.7 kW is used to compute the fission product
activity, Afp,in a fuel element. It is assumed that the rupture occurs when the reactor is just
completing continuous 1 MW operation. The saturated activity of the core, R, for one fission
product (f ) nuclide isp

3'1x10''
R = 1 MW x Y

3.7x10' curies (40a)o

where,

! Y fission product cumulative yield=o
1MW 3.1 x 1016 f ssion/sec=

i 1 curie = 3.7 x 1010 disintegration /sec

The fission product activity in the core is an accumulation of f activity from the previousp
weeks operation provided the half life is greater than approximately a day. The contribution to

c) the f activity at the time of the rupture is as follows:! p
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R(1 - e-"') Activity produced during the week the rupture occurs, |

R(1 - e-"' )e-M'' +'') Activity produced during the week before the rupture occurs,

and

R(1 - e-"' )e*h"*) Activity produced during the nth week before the rupture occurs.

The total activity of this f in the core at the time of the rupture is the sum of the abovep
activities. It can easily be shown that the core activity is

1 - e4T'Co = R (40b)
1 - e4Ti + TJ

and,

1 - e-"'
.

I
A, = NP R (40c)yy,gg

I4

where in the case of continuous operation at 1 MW,
'

T number of hours operated in one week =168 hours3
=

number of nours not operated in one week = 0 hours IT2 =

o T +T2= number of hours in one week = 168 hours |3

\]"
The PSBR presently operates on a 40 hr/wk schedule. The actual operation produces

i

much less than 40 MW hours (MWhr) per week. For the 15 years from 1967-81, the
PSBR operated an average of 15 MWhr/wk. For the 13 years from 1981-94, the PSBR ;

was operated an average of less than 5.5 MWhr/wk. Continuous o >emtion at 1 MW,
therefore, establishes a large safety factor for this calculation, but a lows for future
increase of opemting time.

<

Tables 9-7 and 9-8 lists the activity of each of the important gaseous fission products.
The fission product yields were taken from the Katcoff, et.al., report.(2m These yields
include direct production plus precursor decay from fission products. Only a fraction of
these fission products escape from the fuel element into the reactor bay. The fraction that
escapes from the fuel element is called the release fraction, fr.

The fission product release fraction, determined experimentally at General Atomic, is a
function of the sustained fuel temperature." The only fission products that escape are
those that have diffused into the gap between the fuel and cladding during the operation of
the reactor. Therefore, the release fraction in accident conditions is characteristic of the
sustained normal operating temperature and not the temperature during an accident transient.

A review of the operating history of the instrumented fuel element I-13 in the PSBR B-
ring shows that its maximum measured ternperature during steady state operation at 1
MW was less than 460 *C. After the first year of operation, its measured temperature at
1 MW dropped to approximately 400 *C. During this period,its burnup was

(n) approximately 0.65 MWD. This temperature drop occurs because as burnup increases,
,
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the 235U core inventory decreases with a corresponding drop in NP and temperature.
Operation after one year lowers the maximum measured fuel temperature in the B-ring to 400
*C or less. However, the experience mentioned above with I-15 in Core Loading 47, which i
is considered as an extreme (having a large peak to average temperature) core loading, i

indicates that measured fuel temperatures as high as 600 *C are possible. Thus, it is
conservative to use a maximum measured fuel temperature of 650 *C, to compute the release
fraction. Operation using the mixture of 12 and 8.5 wt% U fuel elements will only be allowed
by Technical Specifications if the MEPD is s 24.7 kW and the maximum measured fuel

temperature, of an instrumented fuel element in the position of MEPD,is 650 *C. Thus the ;
initial assumptions and the limits on operation resultmg from this accident analysis are: '

l . A maximum power operating history of continuous 1 MW operation.
2. A maximum sustained measured steady state fuel element temperature of 650 *C.
3. A MEPD of 24.7 kW.

Experiments demonstrated at General Atomic (20 generated release fraction data for the |
U-ZrH fuel under various conditions. Below 400 *C the release fraction, fr,is a constant,
1.5 x 10-5, and above 400 *C the following equation is used:

# 0-1.34x10
f, = 1.5x10-5 + 3.6x10' exp (41)Ty o ,

where, |

T is the fuel temperature in Kelvin. |o

I

For low temperature results,i.e., below 400 *C, the release fraction for a typical U-ZrII, |
fuel element is constant, independent of operating history or details of operatmg

{temperatures. Averaging Equation (41) over the volume and temperature profile of the fuel

element gives a release fraction of 3.1 x 104 using maximum measured fuel temperature of

650 *C. Applying the release fraction of 3.1 x 104 to a single element operating at a MEPD i

of 24.7 kW yields, for each fission product activity in Table 9-7 and 9-8, a release to the
reactor bay of Co curies. The bay concentration, Cb(Ci/ml) is based on a minimum free air

bay volume of 1900 m3. An immediate and complete mixing is assumed to occur.

The concentration in the unrestricted area (outside the reactor building) is obtained by
dividing the activity release rate through the emergency exhaust system by the dilution rate.
The release rate for the emergency exhaust system is equal to the flow rate (3100 cfm or 1.46
x106 ml/sec) times the bay concentration Cb. The dilution rate is the wind velocity (1 m/s)

times the cross-section area of the building (200 m ) or 2 x 108 ml/sec. Thus, at the instant2

the fuel element cladding ruptures, the maximum concentration in the unrestricted area,
Cu(Ci/ml)is:

Cu = C x 7.30x10-3 Ci/ml.
'

b
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ACTMTY. O LNNSTRCTED PERCENT OF AP#UAL UMIT

YIELD Huff 4.He CORE - MAXIMUM Decoved NACTOR BAY ANA BAY t.Niser'ided Area 6

kiosope % Secnnds TOTAL fCol FLEWNT Adiv#y (Cb] pCVmi DAC FRACTION LAslT Fracitan 1 MIN 1 HOUR 24 HOURS

Kr-83m 0 5440 6 70E+03 4.5eE+03 1.13E+02 1.13E +02 1.94E45 1.00E42 1.84E43 5.00E 45 2 89E43 1.49E46 9 33E 06 9 75EM
Kr45m 1.0100 1.61 E +04 8 48E+03 2.00E +02 2.00E +02 3.41E45 2.00E 45 111E +00 1.00E-07 2.49E +00 139E43 921E43 9.73E43
Kr45 02930 3 3eE+08 2.45E+03 6.00E +01 6.06E +0* 9.8BE46 1.00E44 9 89E42 7.00E 47 1.03E @ 8.0eE@ 3.90E 44 42EE-04

Kr47 2.7800 4.58E +03 231E+04 5 71E+02 5 71E+02 9 32E4 5.00EM 186E +01 2.00E 48 3.41 E +01 1.51EW 1.13E 41 1.17E41

Kr48 4J800 102E+04 3.67E +04 9.OEE +02 9 08E +02 1.48E44 2.00E-06 7.39E +01 9 00Em 1.20E +02 6.01E42 4.33E41 4.55E 41

Kr49' 5.4700 1.89E +02 4.58E +04 1.13E +03 1.13E +03 1.85E-04 1.00E47 1.85E +03 1.00E49 125E +03 1.35E +00 9 85E41 9 85E-01 !'
Kr-90* 5.0000 323E+01 4.19E +04 1.03E +03 1.03E +03 1.8sE44 1.00E47 1.e8E +03 1.00E m 123E+03 7.77E41 1.78E41 1.78E@
Kr-91 * 3.4500 8.00E+00 28sE+04 7.14E+02 7.14E +02 1.18E44 1.00E47 1.10E +03 1.00E-09 8.52E +02 2.02E-01 3.40E42 3.40E-02

Kr-92* 1.8700 1.84E +00 1.57E404 3.87E+02 3 87E+02 6.31E m 1.00E-07 6.31 E +02 1.00Em 462E+02 2.32E42 3 OBEC3 3 88E43
Kr-93* 0.4800 120E +02 4.02E +03 9.93E +01 9 93E+01 1.62E45 1.00E47 1.62E +02 1.00E G 1.ieE+02 1.13E @ 6.0BE 42 6.08E-02

Kr-94* 0.1000 2.10E41 830E +02 2.07E +01 2.07E +01 3.38E 45 1.00E-07 3.38E +01 1.00EG 2.47E+01 1.42E44 2.37EM 2.37E45
Mr95* 0 0070 7 80E-01 5.88E+0S 145E+00 145E+00 2 36E47 100E47 2 36E+00 1.00Em 173E400 3 89E-05 618E46 61f|E-06

MRYPTON TOT AL 213E+05 525E+C3 5 25E+03 5 62E+03 420E +03 25 18 18

Xe133m 0.1800 1.8BE +05 134E+03 3.31 E +01 331E+01 5.40E 45 1.00E44 5.40E42 6.00E47 6.58E42 4.40E45 2.53E44 2.70E-04

Xe-133 6 8200 4.54E +05 5.55E +04 1.37E +03 1.37E +03 2.24E44 1.00E44 2.24E +00 5 00E47 3.27E+00 1.82E 43 1.2eE42 134E42
Xe135m 1.8300 9.18E +02 1.53E +04 3.79E+02 3 NE+02 6.10E45 9.00E46 6.87E +00 4.00E48 1.13E +01 5 47E43 2.34E42 2.35E42
Xes135 63000 3.27E +04 528E +04 1.30E +03 130E+03 2.93E44 1.00E45 2.13E+01 7.00E48 2.22E +01 1.73E42 8.30E42 8.91E 02

Xe137' 6.1700 231E+02 5.17E +04 12EE+03 120E+03 2.00E44 1.00E47 2.08E+03 1.00E m 1.52E+03 1.55E +00 1.28E +00 12SE +00

Xew138 5.4900 8.52E +02 44 h 04 1.14E +03 1.14E+03 185E44 4.00E-06 4 83E+01 2.00Em 6.78E+01 3 0eE42 1.35E41 1.3eE@
X+139" 5.4000 4.00E +01 4.52E +04 1.12E +03 1.12E +03 1.82E44 1.00E47 1.82E +03 1.00E m 1.33E +03 917E41 2.34E41 2.34E-01

X+140" 3.0000 1.37E +01 3.1 E +04 7.88E +02 7.a8E+02 1.2E44 1.00E47 120E+03 1.0KG 9.30E +02 331E41 51E 42 5 79E42
Xe141* 1.3300 1.72E +00 1.11 E +04 2.75E +02 2.75E+02 4.48E45 1.00E 47 4.49E +02 1.00E m 3.20E +02 1.55E 42 2.5eE43 2.58E43
Xe142' O.3500 1.22E +00 2.93E +03 724E+01 724E +01 1.18E 45 1.00E47 1.18E +02 100EG S.84E +01 2.BOE43 4 B2E44 4.82E44
Xe 143* 0.0510 9.80E41 4.27E +02 1.08E +01 1.00E +01 112E46 1.00E47 1.72E +01 1.00E G 1.20E +01 3.31E44 5.52E45 5.52E45
X4-144* 0 0000 1.iE +00 5.03E +01 124E +00 924E+00 2.03E 47 100E47 2 03E+00 10EW 14E +00 4 4EE45 7 45E46 7 45E-06

XENON TOT AL 314E +05 7.78E +03 7 78E+03 5 85E+03 4 33E+03 2.9 18 18 |

NOBLE GAS TOTAL 52'E+05 130E+04 130E+04 1.15E +04 8 53E+0: 5 4f 36 37

For notes see table 94
Table 9-7 Fission Product Date and Fieson Product Release br the Pbble Genes
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ACTfv1TY. Cl UPesSTRCTED PERCENTOF ANNUALLIMIT
YlELD Helf4Mo CORE MAXIMUM Decayed IEACTOR BAY AFEA BAY (MRestrused Area

beope % Sacrorute TOTAL (Co] FtFWNT Acftwiry (Cb] pCVml DAC FRACTION tIMIT Fraction 1 kmN 1 HOUR 24 HOURS

Br43 0.5100 5 64E+03 427E+03 1.08E +0? 1.0eE+02 1.72E45 3.0E 45 514E-41 9.00Em 1.40E +00 4 eeE44 4 97E43 5.22E43

%& 44 0.0190 380E+02 1.59E +02 3 93E+0C 3.93E +0C 6.42E 47 2.0E45 3.21E42 8.03E48 5 8eE42 2.47E J5 6.90E 45 6.90E45
Br44m* 0.9200 1.91 E +03 711E+03 1.90E +02 1.90E +02 311E45 1.00E 47 311E +02 1.00E M 2.27E+02 2.50E41 6.25E41 6.30E@ ec hGr45* 1.1000 112E +02 9.22E+03 2.2eE+02 22eE+02 371E45 1.00E 47 311E+02 1.00E-00 212E +02 2.eeE41 1.80E 41 180E41
Br-87* 2.0000 561E+01 1.eeE+04 4.14E +02 4.14E +02 6 75E45 10E47 615E +02 1.00E-09 4.94E +02 3.8BE@ 1.19E@ 1.19E@

*E
Br4Er 3.8400 1.64E +01 322E +04 7.95E +02 7.95E +02 1.30E44 1.00E 47 1.30E+03 1.00EM 9 48E+02 3.87E@ 6.99E 42 6 99E42
Brilr 5.4000 4.40E,00 4.52E +04 1.12E +03 1.12E +03 1.82E44 1.00E47 1.82E +03 1.00E W 1.33E +03 1.eE41 2 67E42 2.67E-02

E Br 90* 58800 te0E+00 4 93E+04 1.22E +03 122E+03 190E44 1.00E 47 190E+03 100E49 145E+03 715E-02 119E42 199E 02

h BROMINE TOTAL 165E +05 4 07E+03 4 07E+03 6 46E+03 4 73E+03 15 10 10

L129 0.0000 5.02E+14 610E+03 16eE+02 1.eEE+02 210E45 4.00E49 6.75E+03 4.00E-11 4 94E+03 5.50E +00 1.91 E +05 2.03E +01

F131 3.1000 6 95E+05 2.00E +04 6.42E+02 6.42E+02 1.05E44 2.00E 08 5.23E+03 2.0N-10 3 83E+03 4.2000 1.4eE+01 1.57E +01

0132 4.3800 824E+03 3 67E+04 9 08E+02 9 0eE +02 1.48E44 3.00E 46 4 93E+01 2.00E-08 5 41E +01 4 00E42 1.92E-01 2.01E@
t-133' 6.9000 7.40E +04 5 79E+04 1.43E +03 1.43E +03 2 33E44 1.00E 47 2.33E +03 1.00E-09 1.70E +03 1.90E +00 6.51 E +00 e.93E+00

l-134 7.8000 3.1eE +03 6.54E +04 1.61 E +03 161E +03 2.53E44 2.00E -05 1.32E +01 6.00E4e 321E +01 1.07E 02 1.00E41 1.03E @

0135 6.1000 2.37E +04 5.11 E +04 1.20E +03 12eE+03 2.0eE44 7.00E 47 2.94E +02 6.00E 49 2.51 E +02 2.39E 41 9 40E4' 9.96E 41
,

l

0136* 3.1000 8.50E +01 2.80E +04 6 42E+02 642E+02 1.05E44 1.00E47 1.0$E +03 1.00E49 7.65E +02 615E41 212E41 212E-01
L137' 62500 2.45E +01 524E +04 1.29E +03 129E+03 2.11 E-04 1.00E47 2.11 E +03 1.00E M 1.54E +03 8.32E 41 198E41 1.eeE @
F138* 5.8800 6 5E +00 4.74E+04 1.17E +03 1.17E +03 1.91E44 1.00E47 1.91 E +03 1.00E 49 1.40E+03 2.47E@ 4.13E42 4.13E42
l-139* 5 6300 2 40F +00 4 72E+04 117E +03 117E +03 1 XIE 44 100E47 190E +03 100E-09 139E+0? 912E42 152E 42 152E42
IOCfME TOTAL 417E +05 103E +04 103E+04 216E+04 159E +04 14 42 45

HAl(W M iOTAL M B1F dm 44F604 * 44F 604 7 a? E and 9n M and 15 43 46

NOBE GAS PLUS HALOGEN 1 11 E +0F 2 74E +04 2 74E +04 3 9eE+04 2 92E +04 21 47 50

Ancromrmes TEDE- 103e 24 26
Appronnes TYoid Dose- 6415 ese 744

Table 94 Fissiert Produd Dee. Fieson Product Release for the Helogens and the Restricted and Unrestrided TEDE for the MHA

TABLE 9'7.8 NOTES
COOL DOWN TIME 0 00 tv
IELEASE FR4CTION 310E44

BAY VatNE 190E+09 ml
EXHAUST VEMTLATON 1 deE+0e mysee

BULD98G DR.UTION 2 00E+0e mreae
NUMBER OF FUEL ELEMENTS 100

IFMADfTONTWETOwAxwt2E ACTfvtTY Core ampty=R*yet([141-lambda *T1)M14Perreda(T1+T2))
P= 1 MW poner levet

T1 168 twruk eperuimg amo

T2= 0 twfuk shutdoen.

R= 31E+18 feeenersee en 1 MW

NP= 2 47 rate of mammum e average kel elemere actMiy
* A DAC value cf 1E-7 is used torthose radesempee wth tulNeo 4 *eurs aruf not tened in 10CFRE0 Appende 8
*A concercuten hvit of 1E4 is used for urveametod erees for peso redosessepee weh te84e <2 top whth are ret Resed m 10CFRED Appeness B

Percent of annual tmet is beood on 2000 D AC4eurs for sie vescoor bey aful 8790 "treithourt for the tweetneted amt

Thyrood Does inchafee pereert er annual Emt for eutunersen and Deemal does from 4129 twough 4135.
fArmuni shyroes dose tma in estenend from e 50.0a0 ewen ime for reemeted ames and is70 mrom for wwoumcmd ames (50 mrom CEDES 03 tsune soggherqi actog

I
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in the reactor hay (restricted area), the concentration in air of airborne acdvity decreases with
1

time because of radioacdve decay and the removal of air by the emergency exhaust system. '

Consider a model in which activity, released form the single fuel element, instantly mixes
completely with air in the bay. The resulting uniform concentration is C . We have, then, Ib

l
-b d"')' '

Cr = C,e (42)
where,

1

Cr bay air concentradon of activity at elapsed time t after release from l
=

the single fuelelement (Ci/ml) |
decay constant (sec~') jA =

a

ventilation rate constant (sec-') iA, =

A, = ventilation rate 1.46 m sec~' = 7.7x10" sec-,.=

bay volume 1900 m

The exposure to an airbome concentration is equal to the integral of Cr over the period
T, labeled IC .T

C, -bd"'I
. (43)

f

IC = A + A, (1 - er
p a s

d
lThe reactor bay exposum in DAC-hours (derived air concentration hours) is equal to ICT

divided by the DAC value from 10 CFR Part 20 Appendix B. The same technique is used to !
determine the exposure in effluent limit concentration hours for the unrestricted area. The I

exposures determined for the reactor bay and the unrestricted area are then compared to the
limits of 2000 DAC-hours for the reactor bay and 8760 effluent limit concentration hours for
the unrestricted area, respectively, to arrive at the percent of the annual limit.

The activity is removed rapidly from the reactor bay and about 92% of the TEDE in the j
unrestricted area is received in the first hour. Essendally all activity has been released to the
unrestricted area within 24 hours and doses in both the reactor bay and the unrestricted area
have reached their maximum values. Release of the activity from a fuel element over an
extended period of time would reduce the dose because of the decay of short half-life
radioisotopes before release.

The total exposure in 1 minute for the reactor bay (1 minute is considered a maximum
evacuation time) is a TEDE of about 1938 mrem, corresponding to about 21% cf the annual
10 CFR Part 20 limit. An exposure time of 7.5 minutes in the reactor bay would be required
to reach a TEDE of about 4988 mrem, corresponding to about 99% of the annual 10 CFR Part
20 limit.

The total exposure in the unrestricted area is about 26% of the annual limit, which corresponds
to a TEDE in 24 hours of about 26 mrem (the annual limit in the unrestricted area is 50 to 100
mrem depending on the fractions of the dose from radioisotopes with an internal dose
component).g
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Since the emergency exhaust system removes the bay air through a charcoal filter, the iodine
; exposure in the unrestricted area should be less than 10% of that given in Table 9.7. Since
'

credit is not taken for the emergency exhaust system filtration in determination of the
consequences of this accident, a Technical Specification requiring filtration as a limiting:

| condition for operation is not required.

The above calculations assumed an MEPD of 24.7 kW and a maximum measured fuel
temperature of 650 *C. Using the higher temperature increases the release fraction and the
higher power density increases the fission product inventory. In addition, it was assumed that
there are no mitigating circumstances such as fission products plating out on surfaces or
dissolving in the pool water. It was further assumed that the mpture occurs to the element with
the highest fuel temperature, the highest power density, and occurs immediately after
continuous 1 MW operation. Therefore using these parameters provide very conservative !

(hypothetical worst case) results.

The MHA creates conditions far more severe than are actually possible. Therefore, the fact that
the MHA consequences are within the 10 CFR Part 20 limits outside the reactor bay in the
unrestricted area shows that the PSBR's operation is safe to the public. The emergency
evacuation alarm which is initiated by the reactor bay radiation monitors and/or the bay air
monitors will minimize the time the operatica personnel spend in the reactor bay during the
MHA to much less than the 7.5 minute time interval used in determining the consequences in
the reactor bay. Therefore the operation personnel can also avoid any significant hazard from
the MHA (within the 10 CFR Part 20 limits for radiation workers).

F. Reactivity Accident

In this accident, it is assumed that the reactor is taken to a 1.15 MW power level with the j
transient rod inserted in the core and then the reactor is pulsed with a $3 reactivity 1
insertion. This accident requires a breakdown in the PSBR Standard Operating ;
Procedures, the overpower scrams, and a failure of the interlocks. j

.

When the core is operating at 1.15 MW,its total reactivity has been reduced by more than $4 ;

depending on the average core fuel temperature. The measured fuel temperature in the B-ring
usmg extrapolated experimental data for Core Loamng 47' with 95.5 elements would be

650 *C in the 12 wt% U fuel element,I-15. The maximum temperature will be slightly
higher, but the fuel temperature near the cladding will be approximately half this temperature.

The maximum allowed core reactivity of $7 leaves less than $3 available for pulsing
(actually the reactivity loss for Core Loading 47 would be = $4.75 at 1.15 MW leaving
only $2.25 for a pulse).* Should a $2.25 pulse occur while the reactor is at 1.15 MW,
the measured fuel temperatum will rise from 650 *C to 1030 *C as calculated using the
maximum measumd $2.25 pulse temperature' for I-15 and Core Loading 47. In this
case, when the core is pulsed from an initial power of 1.15 MW, the maximum fuel
temperature is the measured fue.1 temperature. This is because the temperature rise during

* Core Loading 47 is considered an extrema loading relative to steady state measured peak
fuel temperatures.

' These data are based on that obtained in 1% & 1995.
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O a pulse has a different radial shape than that attained during steady state operation. During a !

pulse, the increase in fuel temperature is a maximum near the edge of the fuel. Superimposing
'
,

this shape of the fuel temperature on that attained at a steady state power of 1.15 MW produces,
at the end of the pulse, a relatively flat radial temperature distribution at approximately 1030 *C. .

'
However, since the negative temperature coefficient acts immediately as the transient rod moves
upward, the final maximum fuel temperature will be less than 1030 *C. If the steady state fuel
temperature is higher for a particular loading the reactivity loss due to temperature feedback is ;

greater and the reactivity available for a pulse is subsequently less. Effectively the core excess i
reactivity limit also limits the maximum temperature of the fuel in this accident independent of the i

initial steady state fuel temperature. Therefore with the limit on the com excess reactivity the !
initial steady state core temperature and the maximum reactivity available for the accidental pulse 1

work against each other (raising one lowers the other and conversely) to limit the final maximum
fuel temperature to less than 1030 *C. '

Administratively, if the reactor is operating above 900 kW all four control rods must be balanced.
This implies that the transient rod would not be available for the $2.25 pulse. In addition, the
Technical Specification required pulse interlock (section 3.2.4), which prevents initiation of a

. pulse when reactor poweris greater than 1 kW, will prevent the postulated accident. Also the
Technical Specification required high power scrams will prevent operation at 1.15 MW. The
result of the reactivity accident are peak fuel temperatures less than the safety limit of 1150 *C.

The $5 ramp analysis was performed for AFRRI by General Atomics.% It indicated that even
with a reactivity addition rate of $2.50/second (averaged over the full rod travel) the safety limit

O (1150 *C) was not reached. The rod withdrawal was terminated with a high power scram less
than 1 second into the event. A reactivity of $1.86 was added after criticality was achieved and
before the SCRAM occurred. The maximum power in the transient was 330 MW with a
maximum fuel temperature of 330 *C. Compared to the above analyzed reactivity accident this
excursion is inconsequential. It should be noted that the amount of reactivity available in the
ramping rods does not impact on the final result as long as the reactivity addition rate does not
exceed the $2.50/second rate and the SCRAM time is not significantly longer than that analyzed.

G. Conclusion j

There are two limits which, if not exceeded, will prevent rupture of the cladding of a TRIGA
fuel element. They are:

1. Limit the fuel temperature to a maximum 1150 *C when the cladding temperature remains
;

below 500 *C, i.e., when the fuel is covered with water.
1

2. Limit the fuel temperature to a maximum 950 *C when the cladding temperature is the
same as the fuel temperature i.e., as with an air cooled core after a LOCA. |

The Technical Specifications for the PSBR are established to prevent reaching these two limits.
The 1150 *C temperature limit is not reached as the fuel temperatures are limited during pulse
mode operations. Equation (34) provides a direct method for determining the maximum fuel
temperature based on the measured fuel temperature during a pulse. Using this equation the
following limits are established:

O January 14,1997
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O
1. 'Ihe maximum allowed reactivity insertion for the pulse mode and the maximum allowed worth I

of the pulse rod is $3.50. A sudden insertion of $3.50 excess reactivity results in a maximum j
peak fuel temperature of 1095 *C and a measured peak fuel temperature of 684 *C if the NP ;

6 2.2. !

2. With any core loading the maximum radial making factor, called the normalized power, NP,in- ,

the SAR is 2.2 if the transient rod worth is S3.50. This ensures that a pulse with the full travel ;

of the maximum allowed transient rod worth will not cause the fuel temperature in any fuel !

element to exceed the safety limit of 1150 *C. If the maximum allowed pulse is less than -
$3.50 for any given core loading (i. e. the pulse can be limited by the worth of the transient !

rod, by the core excess, or administratively) the maximum NP can be increased as long as a
- calculation by an accepted method (documented in an administratively approved procedure) is,

| done to show that the safety limit is not exceeded with the allowed pulse and NP. The limits !

| shall be either physical or administrative or both. '

; 3. The maximum allowed excess reactivity of the core is $7. Thus, when the core is operating at |'

l.15 MW steady state, a maximum of $2.25 of excess reactivity is available for pulsing, a ;

minimum of $4.75 of excess reactivity is needed to reach 1.15 MW. Based on core loading 47
and I-15 ( an extrapolated measured fuel temperatum of 650 *C) at 1.15 MW prior with a - ,

pulse insertion of $2.25 ( measured fuel temperature of 380 *C) the temperature would equal
1030 *C. However the Technical Specification required interlock prevents pulse initiation I

when the power is above 1 kW and the Technical Specification required high power SCRAMS !

prevent operation above 1.1 MW. -

4. Core configuration limitations are also established to prevent a fuel element from producing too |
much power relative to the other fuel elements. The maximum elemental power density,
MEPD, allowed is 24.7 kW. If core size and or NP leads to a MEPD greater than 24.7 kW

;

when the reactor power is 1 MW the maximum allowed reactor power must be administratively
reduced to reduce the MEPD to 24.7 kW or less. The maximum allowed reactor power to
maintain the MEPD less than 24.7 kW for a given core configuration shall be determined by
calculation by an accepted method (documented in an administratively approved procedure).

Limits set for steady state operation prevent the maximum fuel temperature reaching 1150 *C.
Limits imposed here prevent the fuel temperature during a LOCA from reaching 950 *C. If
operated at 1 MW continuously, a single fuel element could operate at its maximum power level of
24.7 kW and still not have its fuel temperature reach 950 *C during any conceived LOCA. In
addition, the 24.7 kW MEPD and the maximum measured fuel temperature of 650 *C during
steady state operation limit the release of fission products such that the consequenses are within the
10 CFR Part 20 limits if the cladding mptures.

The MHA analyzes the effect of a fuel element cladding rupture in air after continuous operation at
1 MW. In addition, the reactor was assumed to have operated continuously during the previous
year. Under these extreme conditions, the maximum TEDE to a person in the unrestricted area is
29 mrem after 1 hr and 30 mrem after 24 hr.
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''O In conclusion, the analyses described in this section shows that under no possible accident j
conditions will the regulations in either 10 CFR Part 20 or 10 CFR Part 100 be violated. Thus, I7

j the PSBR can be operated safely within the regulatory limits.
;

4 r
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