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@

IX SAFETY EVALUATION
A. Introduction

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

U-ZrH, , TRIGA 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 strive to
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
wi% fuel with 12 wi% U-ZsrH, ., TRIGA fuel would achieve a better fuel utilization and a
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 wi% 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 wi% 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 wi% fuel by approximately 35%. Thus, increased power density results
in higher fuel temperatures which were studied " analytically and experimentally to avoid
exceeding safe operating conditions. The calculations agreed closely with the experimental data.
Since 1972 the PSBR has been refueled with 12 wi% fuel.

On July 13, 1972 six 12 wt% fuel elements were placed in the B-ring replacing 8.5 wi% fuel which

. was moved to outer rings. This increased the core k"' 10 the level required for a larger fuel burnup
and also increased the maximum measured fuel lemperature 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

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

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 maxivmum fuel temperature was observed (in an
unburned instrumented fuel assembly of 12 wt%U, 1-15) compared to previous similar
instrumented (ie. I-13) fuel elements located in the same core position. The reason for this
lemperature increase 1s 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
instrumented 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 tcmperature 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 1-13 after use.

* From this point on in C hapter—-IX. fuel refers o U-ZrH, . TRIGA fuel with 20% nominal
enrichment and zirconium to hydrogen atom ratio of 1 1o 1.65 nominal.

. January 14, 1997
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It also has been found that the measured steady state maximum fuel temperature inc  ses when
the fuel element experiences increasing sizes of reactor pulses, ”** Further use of the I-15
mstrumented fuel clement in larger pulses showed an increased steady state maximum fuel
temperature. 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 1s 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,””’

The principal computer programs used to perform the calculations are PSU-LEOPARD®),
EXTERIMINATOR-2™, MCRAC'9, and SCRAM(!1). PSU-LEOPARD incorporates the
standard LEOPARD('2 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 depletion code that gives the power
distribution, kegr, and isotopic inventory of the core at each burnup step. It is based on the flux
and kegy calculation performed by EXTERMINATOR-2, a multi-group t "o-dimensional
diffusion theory code.

SCRAM is a multi-cycle depletion code created specifically for TRIGA reactors and adapted to

the PSBR lattce design. It uses analytical equations to compute the power distribution, Kegr,

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.(1-27) Any equivalent codes can be used as long as they
are properly benchmarked.

The 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 safety 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 unigque way 1o 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 100 large a
magnitude can be prevented by reviewing the steady state temperature measurements prior (o
pulsing a large excess reactivity into the core as part of admimistrative 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 reacuvity 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, 1997
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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 operating in the pool of water, the fuel lemperature 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 ptcssurc.“” 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
rupture the cladding when the fuel and the cladding are the same temperature."”’ 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 10 where the transverse bend exceeds 0.125 inches over the length of the cladding
or the length increases 0.125 inches.

The temperature profile in a single TRIGA fuel element is a function of its fuel and

fission product distribution and is different for pulse operation compared to steady state
operation. During steady state operation, the maximum fuel temperature is at the central fuel-
arconium rod interface. Since the thermocouple is placed near this interface, the measured

fuel temperature is close o the maximum fuel temperature’® (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.Y To know what limits 1o place on operation, it is important to understand the
TRIGA fuel iemperature distribution in a fuel element during steady state and pulse operation
and to relate the measured fuel wmperature to the max imum 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. The thermocouple measures
the fuel temperature at a specific point within the fuel element which is not the maximum
fuel temperature for pulse operation. Duning a pulse, the temperature distribution is the
same as that of the volumetric thermal source strength, ¢"'(1), so that the peak fuel
temperature 1s near the fuel cladding interface. This 1s due to self-shielding within the
fuel. As a result, the measured fuel temperature can be significantly lower than the
maximum fuel temperature. On the other hand, the peak fuel temperature during steady
state operation 1s at the inner boundary of the fuel; thus, the measured fuel

temperature is shightly less than the maximum fuel temperature. The measured fuel
temperature in an 8.5 wit% 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 wi% U fuel U is greater
than the 8.5 wi% U fuel thereby producing a q"'(r) with a steeper gradient.

January 14, 1997
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The temperature distribution within the fuel can be calculated from a knowledge of fuel

geometry, heat transport parameters, and ¢"'(r) as shown by Haag and Levine.® The
volumetnic 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, ¢ (1)
can be determined by neutronic analysis and then used to determine the peak temperature
during a pulse or during steady state operation. The steady state fuel temperature is
determined by the boundary conditions at the cladding water interface and the value of g"'(r).
Studies performed by Haag and Levine have shown that subcooled boiling takes place in the
PSBR when the TRIGA core exceeds 200 kW. This helps limit the temperature rise of the
cladding surface temperature, t, because when boiling occurs ¢ increases proportional 1o

approximately (q" )" 99 Hence, the heat flux, q", must increase by a factor of 8 to increase
the difference between t; and the water saturation temperature by a factor of 2.

It is important to recognize that the ¢"'(r) 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 operauon. Hence, there is a direct relation between the measured 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 operaton can be used to determine the maximum
fuel wemperature in the core during a pulse. This relationship is described in this section.

I Sweady Statec Analyses

Standard heat ransport calculations are used to analyze the steady state fuel temperatures
for the PSBR.

Let
g"'() = volumetric thermal source strength at position £ within the |"
region.
P = power generated by the |" fuel element .
Then

P =£q,"'([}N. ®

where the integral is over the fuel volume, V, of the |"fuel element. The average power,
P, produced by a fuel element in the core, and the normalized power for the | fuel
element, NP,, are related to P, by the expression

P, =PNP, 2)
A core of N fuel elements producing a total power of Q can be expressed as

Q=NLP=Nq"V. (3a)

January 14, 1997



and
s O =
P s PN V ) 3h)
N, 4 (
where a"' is the volumetric thermal source strength averaged over all fuel in the core, and N,

18 the number of fuel elements in the core.

It can be immediately observed that operating at 1| MW, implies that for a core with N = 90,
then P =0.0111 MW, and for a core with N = 100, then P = 0.010 MW.
Using Goodwin's!%) measured q,'"'(r,2) as

q,"'(r.z) = (A, +B,r)q""(2) @

where for the | fuel element

ja"(rn2)aV ="V, (5)

Z is the axial position along the |" fuel element, and A, and B, are constants. A

thermocouple is located at the fuel midplane where 2 =7.5". The length of the fuel is
15", Thus, at the fuel w ‘olane,

Q" (17.5)= 0, (1) = 4, (A, +B,), ®

e
v *

and

aqnuzf.a'uo=f.NP‘aau='-NP' (7)

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

q''(rz) = point volumetric thermal source strength,

a" " = volumetric thermal source strength averaged
over the radial direction ,

a ] = volumetric thermal source strength averaged

over the fuel volume.

When the |" subscript is missing, Q ''*and a """ refer to the fuel element producing an
average power in the core.
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For the | fuel element

P= aomv' (82

P

-Oll=_. 8
q v (8b)

and

Equation (8a) can be written, using Equation (2), in the following form:
B =NPg"V. ©)
The wemperature rise between the fuel and the cladding at the fuel element midplane

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

11 dt -

k= |=-q'""(A. +B.r%), 1, sr< 10

rdr['dr] 9%"(A +Br), <R L
where

r, = radius of Zr rcd in the center of the fuel rod,

R = radius of the iuel rod.

Integrating Equation (10) gives

T ad 4
t(r) - :-‘gk[ A -rr)-ay n5+—z(n‘ )--%’Llu?], (an

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, ,

t, -1, = 6.039x10%q ", (12a)

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

(t.-t.) =6.039x10"5!LENP. (12b)
tc 87| Vv |
Using Q = 1 MW in Equation (3b)
§=F3412x1o° B; (13)
C
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Table 9-1

IX-7

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

(Enriched to less than 20% 235U)

Thermocouple radius, Ryc 00226 fi
Fuel mean radius, R 0.0596 ft T
Zr rod radius, ry 0.0079 ft ¥
Ciadding thickness, C 0.00165 ft
Fuel element radius, R + C 0.06125 fi 1

Conductivity cladding, K¢

9.5 Buu/hr ft' 'F

Conductivity fuel, kg 10.5 Bw/hr ft* °F
Core average volumetric thermal 249 x 108 Bw_
source strength, q'"' hr i
A, (12 w1% U fuel new) (Reference 4) 0.6534

B, (12 wt% U fuel new) (Reference 4) 202 fi-2

Number of elements, N¢ (Loading 36) 94.6

Number of elements, N¢ (Loading 45T) 88

Axial peaking factor. fa 1.25*

Prompt temperature cocfficient., o (Ref. 19) -1.4 x 104 8k/k/°C
C, (Loading 36) Correction Factor 0.98**

*

This value is used for analyses subsequent to the original SAR since it is a more typical
value used for TRIGA reactors.

** See the description of this factor in the text immnediately after Equation (15).

¥ 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.
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The volume of fuel in a TRIGA fuel element is

V=R -r’)H,
where H is ihe fuel height. Using H = 1.25 ft and the value from Table 9-1 for the other
parameters

V=1.37x107ft°, (14)
Substituting Equations (13) and (14) into Equation (8b) gives

2.49x10° BTU
N.  hrit®’

a“‘:c' (]5)

where C, is a correction factor for setting the power instrument to read 1 MW when the actual
power is reduced by the factor (1-C,). This reduction is to provide an extra margin of safety to
compensate for an uncertainty in calibration. What value is used for C, depends on how the
equations are being used. If they are being used to predict fuel temperature from a given NP, a
more conservative C, =1 should be used. If the equations are being used to determine NP

from measured fuel temperature, a C, €1 may be used depending on the confidence the
experimenter has in the accuracy of the power calibration.

Equation (12b) can now ke written as:

NP
(t,c-t,),=1.5x10‘C,‘—N—l ¥. (16)
C
f,NP
(t, -t,), =8.33x10°C,~—! °C,
N

The measured fuel lemperature, t,., depends on the temperature at the cladding surface in the
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

coolant saturatior. temperature.('4) As a result, it is assumed that the surface cladding is
superheated by a fixed At degrees and thus at | MW, t_ = 140 "C. This should be correct

within £ 10 "C at 1 MW for all NPj's greater than | and less than 3. We may write

ty =t =t,), +(t, -t.), +t., (17
where the first term on the right hand side of Equation (17) is evaluated using Equation
(16). The second term, the temperature change between the fuel cladding and the surface

of the fuel rod, 1s derived assuming a gap, @, between the cladding and the fuel.
Solution of the standard heat equation gives for

(t, =1,), = (t, =t,), +(t, = t,),. (18a)

January 14, 1997



IX-9
the following equation:

9y  R+g q, R+g+C
1) =Ja |
b= R I " A+p

, (18b)

where

temperature of the fuel at the fuel cladding interface
temperature of the cladding facing the gap
conductivity of the gap

conductivity of the cladding

thickness of the cladding

thickness of the gap

linear heat generation rate

QOFFs &
nowou

Hnnn

Q'
and the other parameters are as previously defined.

Thus

Q'  R+g
- = — 192
{t, —t,), 2k, g] a (19a)

. q inB+9+C _ Q' lnH+C,

(t°"'°)”2uk,, R+g 2nk. R

(19b)

Equation (19a) will be evaluated experimentally as described later, whereas Equation
(19b), the lemperature drop across the cladding, can be evaluated from the physical
values of the parameters.

By definition
9 = MR ~r2)q,"" = n(R? - NP G ", (20)

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

(t, -t,), = C1,NP At,, (21a)
where
— Ri-ri=. R+g
Aty = "'In . (21b
™ q ) )

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

Rz_rz 1T R+C ~1..
(‘g_tc)j=-§r—l’.NP|q In R (21¢)
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Using the values of Table 9-1, Equation (21¢) reduces to

NP,
(t, ~t.), = 1.248x10°C, ‘Ti F. (21d)

C

(t, ~,), = 6.936x10°C, "Nﬁat C.

C

Subsututing Equations (21a) and (21d) into Equation (18a), and using the result in Equation (17),
it follows that
i :
ty = (9_0_2.&.’9_0_+At,k,f.NP, +140 C. (22)
C ‘
Equation (22) is used to calibrate an instrumer ‘ed 12 wi% U fuel element to provide a
measured fuel temperature, t,_, during steady state operation.

The temperature distribution in a TRIGA fuel element during a puls. has the same distribution as
expressed in Equation (4) up to 89% of the fuel radius.(!S) It has been found that adiabatic
conditions hold up 10 0.07 sec. during which time the maximum fuel temperature is reached (15
Using the values of Table 9-1, it is found® that the maximum fuel temperature during a pulse is
1.6 umes 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 concerned with here is the maximum fuel lemperatures reached during the pulse.
To prevent confusion, we use the term highest maximum fuel temperature to refer to the highest
lemperatures reached at any point within the fuel element during the pulse. The highest
maximum fuel temperature is thus the m.ximum 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 umes the highest maximum fuel temperature which corresponds to a measured fuel
temperature of 720 “C. Thus, setting the Limiting Safety System Setting (LSSS) a1 850 °C,
corresponds to a maximum fuel temperature of 1040 “C. The LSS scram will have no effect on
the maximur: el temperature reached during a pulse because the instrumentation time lag
allows th- peak 10 be reached before a scram can occur. The maximum fuel temperature reached

duning a pulse must be limited by the magnitude of the prompt excess reactivity insertion (8k)
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
temperature coefficient. The large negative prompt temperature coefficient, o, provides
the TRIGA core with its pulsing capability. When excess e, OKey = Kot - 1. is inserted
into the reactor, the reactor will go on a prompt period, provided

8k, = dk,, —B. (23)

s positive, i.c., 8k, > 0. fis the effective delayed neutron fraction (0.007),
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IX-11

Let

Bty = maximum fuel temperature rise averaged ove: the total corr. fuel
volume for a pulse.

Stpo = maximum fuel temperature rise averaged over the radius of the |"
fuel element at its midplane.

o= prompt temperature coefficient of reactivity of the TRIGA core.

The prompt temperature coefficient is defined as:

it (24a)
B
or
2 oK
Moy = - —L, (24b)
o
where

prompt excess reactivity insertion.

ot _ average maximum rise in core fuel temperature due to the prompt
EXCess reactivity insertion.

Equation (24b) does not include the average core temperature rise due o a pulse insertion

of $1 excess reactivity, 8tp:. Thus, the total average fuel temperature rise during a pulse,
&p I

-B-tp = gipp + 591. (253)
For the |" fuel element, its corresponding temperature increase in the midplane is
Btps = 1,NP,3t;, (25b)

or

Moo = f.NP‘(- -%-p-) + f,NP,S_lp‘ (25¢)

Initially the core fuel temperature is that of the pocl water, T, and during the pulse an
adiabatic increase in lemperature, 8, (r), is assumed. Hence,

Bt (1) = Stpoi(A, +B,r%). (26a)
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Equation (26a) expresses the maximum temperature rise above room temperature for the
i" fuel element as a function of fuel radius. For convenience

Bt () = Btpaf(r), (26b)
where
f(r)=A, +Br°. (26¢)

The temperature in the midplane of the fuel element at any r position, t,q (r)can be
expressed as:

Lo (1) = Btpaf(r) + T,,. (27a)
Let
t,o = maximum pulse temperature measured by the
thermocouple in the | fuel element.
Then

ty = paf(R, )+ T, (27b)
Using the values of Table 9-1
Ly = 0.7566 Stpo + T, (27¢)

Substituung Equation (25¢) into Equation (27¢)
ok, —
t,y = 0.7566 | NP - - + NP8t [+ T, (28)

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.,

ok -
too =K, J.NP,(— —&P- ) +{ NPt + T, (29)

where K14 and ﬁpo are empirical constants to be determinesi experimentally. The
experimental data may also be represented by:

tyey ~ To =Mk, +b,, (30)
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where
K,.f.NP
M, = =1 (31a)
—a
and
b, = 1,NP 5t (31b)

NP, and Btpo are determined by fitting the experimental data to Equation (30) where NP,
fa, and o are known. In Equation (30), M; 8k, represents the temperature rise during a

pulse due to the prompt excess reactivity (8Ky) insertion and bj represents the
corresponding temperature rise due to the $1 excess reactivity insertion.

3. TRIGA Experiment 10 Measure Fuel Temperatures

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 core 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
ring, the position of MEPD) and the other, I-14, had never been used. The first series of
measurements was taken with 1-13 in the G-8 core position and I-14 in the G-10 core
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 ubtain maximum temperature readings, the
reactor power was increased in steps t0 0.7 MW, 0.9 MW, and 1| MW. The actual values
of the power were (.98 (for loading 36) of that read on the recorder 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,
immediately after Equation (15)).

After completing the senes 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
subcritical 1o allow the temperature to reach equilibrium.

The above experiment was then repeated 10 determine reproducibility and measure the
effect of the gap in I-14 created by the 4 pulses. The above measurements were again
repeated with 1-13 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; 1-13 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
the chart recorder and the meter were used to measure the fuel temperature of 1-13 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 recorder.

4. Evaluation of At 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,

I-14, it had a At, equal 1o 0 as the fuel would be in contact with the cladding. When the
fuel element is first pulsed, the cladding is stretched introducing a gap which increases
the Kig. After a number of pulses of the same size (i.e. $2.50), th reaches a maximum
value and does not increase with further pulsing (4

The increase in Atg after pulsing I-14 several imes is now determined by comparing the
steady state temperatures for the same condition after each set of pulses. It has been
found that measured fuel temperatures will increase further due to an increase in Atg
when at some later time pulses of a larger size are performed (i.e. $3.00).% %

At I MW, I-14 measured t,. = 372 "C in Core Loading 36 and position G-10 before any
pulsing began. (Note that for work that was done 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 L.tter because the 1.25is a
more typical value used as a design specification for axial peaking for TRIGA fuel (31))
Using Equation (22),

3
372 =098 2924X10_ , 4 35 NP + 140,
94.6

it follows that
372-140 184

'~ 1288x098

After 4 pulses
t. =418°C,

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

418 = 0.98(95.39 + At,)(1.35)(1.84) + 140,

or L
Atg = 19 .C .
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Table 9-2
Fuel Temperature Measurement Data for Loading 36
To=21"°C
lho('C) Recorder/Meter
Fuel Core te('C)

Element Position SS | MW | Pulse $2.00 | Puise $2.25 | Pulse $2.50 | Pulse $2.75
I-13 G-8 412 353/379 392/421 436/467 478/509
I-13 G-8 411
I-13 G-8 411 343/381 387/421 431/461 478/511
I-13 G-8 411 3507381 389/419 435/466 478/511
I-14 G-8 455 389 427 468 517
I-14 G-& 466 395 434 482 518
I-13 G-10 381 323/333 359/371 399/412 4307453
I-13 G-10 382 3117332 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-14 G-11 433 342 373 411 449 |

I-131s a 12 wt% U fuel element burned to 2.2 Megawatt days
I-14 15 a fresh 12 wi1% U fuel element

January
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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 Aty 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 Aty =19 °C and using t,. = 445 ‘Cas measured in its new position at 1
MW, it follows that

445 = 0.98 (114.4) 135 NP, + 140,

Therefore,

NP, =2.02.

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

t,. was 466 ‘C at 1 MW. Therefore, using Equation (22) while holding NP, constant at
2.02,

466 = (96.4 + At,)(1.35)(2.02)0.98 + 140,
we find

At; =26.6 C.

It can be observed that after & pulses, Aty = 26.6 "C . Past studies have shown that
additional pulses do not alter the Aty significantly.” For I-14, it is assumed that after
many more pulses of the same size (i.e. $2.50), the Aty increase will be 1 °C, hence we
use

Aty =276°C,

and Equation (22) becomes for Loading 36 at Q = | MW
(), = 166C\NP, +140 . (32)

Equation (32) can now be used to determine the NP, for I-14 anywhere in Core Loading
36 at | MW power as long as larger sized pulses are not performed resulting in an
increase in Atg.” To eeneralize Equation (32) for any core configuration and similar

fuel element design specifications, it is only necessary to account for Ng. If this is done,
Equation (32) becomes

4
(t,), = 1'-§-7Nl1—°—c,NP, +140. (33)

Cc

The steady state data of Table 9-2 has been evaluated using Equation (33) and the results
are tabuvlated in Table 9-3. The t_ for the G- 10 position was not measured after all pulsing
had ceased and, therefore, is not listed in Table 9-3.
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Table 9-3
Evaluation of NP".s from 1-14 Data
NP, NP, (Ave)
t, Steady State Pulse
Core Position SCZ 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 Characternistics of Fuel Element 1-14
M M,/NP, bj
X104 X104 b/NP,

Core Position NP, ‘C/ok/k ‘C/ok/k C C
G-10 1.84 223 .21 162 88
G-% 2.01 2.44 1.21 197 98
G-8 2.01 2.34 1.17 210 104
F-10 1.90 2.25 1.18 170 89
H-11 1.80 2.04 1.13 178 99
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Equation (33) is used to evaluate the measured fuel temperaiure during steady state
operation. During sicady state operation, the measured fuel temperature is close to the
maximum fuel wmperature (within 5%). In this case, the LSSS of 650 “C is extremely
conservative bec nee under steady state conditions, the maximum iuel temperature is no

greater than 682 'C (65C "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 § by setting NP = 2.2, Exiensive calculations have been

performed!- 2:5.7.27) 1o study the maximum power distribution produced by different
core configurations with fresh 12 wi% U fuel in 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. Evaluation 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
Equation (30). Table 9-4 summarizes the results, wherein the data in the last column
show that b /NP, is constant within + 8% for the different core positions. The constants

K, and Stpo are determinc 4 to be 1.2 and 71 respectively using Equation (31).
Substituting these values and those from Table 9-1 into Equation (29) the resalt is

tyoy = 1.177x10*NP 8k, +95.8NP, + T, (34)

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 mcasured
temperatures are in good agreement with Equation (34).

The 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, 1% the group
constants of the individual fuel elements were evaluated as a function of their burnup
using the SCRAM code. The SCRAM code provides a simple but reasonably accurate
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
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 + 3%.

Itis now possible to eliminate the NP, from Equation (32) and Equation (34) to give for
I-14

t, — 140, ,
t — T, =(72.28k, + o.sea)ﬁ'—c——- C. (35)

f
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Figure 9-2. Comparing Highest Measured Fuel Temperatures During a Pulse With

EQ(34) For Fuel Element |-14
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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 (8K ). It will require using the I-14 measured
lemperature when operating at 1| MW with 1-14 in the same core position. For Core
Loading 36 and using a maximum value of NP = 2.2 and corresponding t,, = 499 "C,
see Equation (32), the maximum value for tpoj 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 tpoj. Thisr.  “es
placing I-14 in the hottest spot in the core and running at | MW tc evaluate t,.. Ther

starting with a $2 pulse, verify Equation (28) and predict tpoj for the high values of 8kp.
The tpoj related to a $2 pulse will be more than 100 “C below tpoj for a $2.75 pulse and
even much lower than that for a $3.50 pulse. Hence, these initial pulses will produce

maximum measured fuel temperatures well below 700 “C and allow determining the
maximum fuel temperature attainable at the maximum aliowable reactivity insertion
pulses. A 700 “C fuel temperature measured by the thermocouple in a 12 wi% U fuel
element corresponds to a maximum fuel temperature of 1120 “C. This is below the
maximum allowed 1150 "C.

Table 9-2 shows the temperature data taken for I-13<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>