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T. SUMMARY

SPERT I - A core comprised of U%-enriched UOp powder compressed into 6 ft
long, 0.5 in. diameter fuel pins has been installed in the Spert I reactor.
A program of reactor kinetics investigations is to be performed for this
core. Because of the long thermal time constants for these fuel pins,
the most significant reactivity compensating mechanism is expected to be
due to the Doppler broadening of the U23° neutron absorption resonances
as the fuel tempersture increases. This nuclear contribution to the
negative temperature coefficient of the reactor is prompt in its effect
in contrast to the delayed moderator-void reactivity effects associated
with the transfer of heat from fuel element to moderator which were pre-
dominant in previously tested plate-type, highly enriched cores. The
investigation of the effectiveness of the Doppler broadening as a
gquenching mechanism is a primary objective of the forthcoming Spert I
test program.

A core loading comprised of 592 fuel pins was found to have an
available excess reactivity of about $3, and will be used for the kinetic
tests. Integral and differential rod worth data have been obtained for
this core and the reactivity worth of individual fuel pins has been
determined as a function of position in the core.

Examination of the results of the large-amplitude, low-power oscil-
lator teste previously performed in Spert I has continued in an attempt
to explain a discrepancy between the neutron-amplitude results and the
"describing-function" predictions at frequencies below 0.5 cps. The com-
pensated ion chamber which had been used as a neutron detector for the
oscillator tests has been checked by the performance of oscillator tests
in the Treat reactor. The data obtained were in good agreement with those
obtained with a Treat-owned chamber and the results from both chambers
were in satisfactory agreement with predicted values for the Treat reactor.
It is concluded that, except for the possible effect of chamber microphonics
which has not yet been checked, the anomaly in the Spert I pile oscillator
test data is not attributable to faulty operation of the neutron detector
used.

SPERT II - The first self-limiting power-excursion test with a DpO-
moderated reactor was performed in Spert IT on February 21, 1961. The

test was the first of a series designed to investigate the dynamic response
of a DoO-moderated core in which 3 in. x 3 in. highly enriched, plate-type,
aluminum-clad fuel assemblies are spaced on 6-in. centers. The initial
test series consisted -of power excursions initiated by step-wise reactivity
insertions in the range fram approximately 40¢ to $3, which resulted in a
range of initial asymptotic periods from 10 sec to 50 msec. The tests

were performed at ambient temperature, atmospheric pressure, and with no
forced coolant flow. Preliminary examination of the data indicates that
the behavior is in essential agreement with predictions for the long-
lifetime system. Both the power and fuel plate surface temperature data
suggest that steam formation is an important quenching mechanism for tests
with initial periods as long as 150 msec and that, in the post-burst region,
bulk boiling is taking place within the fuel assemblies. The importance

of boiling as a reactivity compensating mechanism at relatively long
periods is a reasonable consequence of the large reactivity compensations
required because of the long prompt neutron lifetime of this core. For



tests with periods of 70 to 50 msec, transient pressure differentials in
the core have been sufficient to cause deformation of fuel plates. The
statistical nature of the bulk-boiling process, which produces considerable
variations in local heat transfer rates, has resulted in uncertainty in
the location and magnitude of the maximum fuel plate surface temperature.

SPERT III - Previously reported data have indicated that, by elevation of
the primary system pressure in the Spert III reactor, boiling can be
suppressed as a reactivity compensating mechanism for power excursions
with periods as short as 10 msec. The reactor power bursts for these
tests are only slightly different from those for unpressurized tests,

and it has been thought that the reactivity compensation due to fuel
plate expansion and moderator heating by conduction must be sufficient

to quench the power burst. Calculations have now been performed to evalu-
ate the total reactivity contribution from these mechanisms and the results
have been compared with the reactivity compensation at the time of peak
power obtained by analysis of the power history. The comparison indicates
that, while the variation in the calculated compensated reactivity with
reciprocal period is essentially the same as for the experimental data,
the magnitude of the calculated values is only about half that of the
experimental. Even if #20% deviation in each of the input data is
assumed, the resultant maximum probable deviation in the calculated
resulte is i50%. The failure of this method of analysis to adequately
predict the observed reactivity compensation suggests the need for
further consideration of other mechanisms and of possible radiation
effects on heat transfer rates.

Tests have been performed to investigate the response of the Spert III
reactor to reactivity additions which are linear functions of time. These
ramp-rate tests were initiated from delayed critical at room temperature
for various initial power levels from 0.1 w to 100 kw, system pressures
from O to 2500 psig, and coolant flow rates from O to 20,000 gpm. Reac-
tivity addition rates of 53, 35 and 18¢/sec were employed. As had previ-
ously been found for Spert I, the power-burst behavior is gquite sensitive
to reactivity addition rate, and relatively insensitive to initial power
level in the range investigated. For practical purposes, the power excur-
sions resulting from ramp additions and step-wise additions of reactivity
are essentially equivalent when compared on the basis of effective period.
In addition, it has been demonstrated that the effects of changes in
system pressure and coolant flow rate on the power excursion behavior
are essentially independent of the mode of reactivity insertion.

ENGINEERING - Because of a recent fatigue failure of a primary system
thermowell in Spert III, the existing thermowell installations have been
examined with respect to their vibration frequency spectra for various
primary coolant flow rates. Twelve of the wells were found to have
natural resonant frequencies in close proximity to the frequency of the
primary pump impellers. These wells have been removed and replaced with
shorter thermowells which have been shown to be relatively unaffected by
elther vortex excitation or pump impeller frequencies.

A hydraulic fatigue test has been conducted on an 18-plate, type "D"
fuel assembly. At the completion of the 220 hour test with a flow of
L ft/sec in the fuel assembly water channels, no apparent physical
damage had occurred to the plates.



II. SPERT I

A. Spert I Oxide-Core Experimental Program

1. Introduction

The increasing importance of the heterogeneous, water-moderated,
slightly enriched oxide core as a power reactor concept has emphasized
the need for a program of kinetic tests on this type of core as a part
of the overall reactor safety program being carried out at Spert. To
date, the experimental effort at Spert has been directed toward inves-
tigations of the highly enriched, plate-type, water-modersted reactor,
for which class of reactor considerable data have been amassed in
regard to dynamic behavior and shutdown properties under short-period
transient conditions. Theé information gained on several cores, encom-
passing wide varistions in size, fuel loading, metal-to-water ratio,
prompt neutron lifetime, void coefficient and other core properties,
has indicated that the observed reactor response during self-limiting
power excursion tests is primarily determined for these undermoderated
reactors by the inherent decrease in reactivity afforded by loss of
moderator. For plate-type reactors, where heat transfer from fuel
plates to the water moderator takes place in times short compared
with the reactor period, loss of moderator from the core occurs as a
result of fuel plate expansion, water heating, formation of steam,
and generation of radiolytic gas. With the possible exception of the
last, these short-period quenching mechanisms will be relatively sup-
pressed in a heterogeneous reactor comprised of low~enrichment UOp
fuel rods in which the thermal time constants are long as a result of
the low heat conductivity of the oxide fuel and the low surface-to-
mass ratio of the cylindrical fuel elements. The low heat transfer
properties of the oxide fuel rods will, during the course of a power
excursion, give rise to large temperature gradients and cladding
stresses in the fuel rods, and lead to the increased possibility of
fuel element failure. In such a reactor, significant quenching is to
be expected from the Doppler broadening of the 1238 neutron absorption
resonances as the fuel temperature increases. This nuclear contribu-
tion to the negative temperature coefficient of the reactor is prompt
in its effect, in contrast with the delayed moderator-void reactivity
effect associated with the transfer of heat from fuel element to moder-
ator. Of basic importance, then, is the question of the effectiveness
with which the Doppler shutdown mechanism, as determined by its magni-
tude and prompt character, acts to limit power excursions in a slightly
enriched oxide reactor. The investigation of this effectiveness is a
primary objective of the Spert I oxide-core experimental program.

2. Description of Core

The NS Savannah-type fuel pin(l) used in these experiments
consists of welded-seam, stainless steel tube (6 £t long, 0.5 in. OD,
with a 0.028 in. wall thickness) containing 1600 g of 4%-enriched UOp

[



s ' powder compressed to_an effective
density of 9.45 g/cm3, which is
87% of the theoretical density

eced000 of UCe.
00000000 '
000000000 . The experimental core
0000000000 assembled in the Spert I, L4-ft-
00000000000 diameter, open tenk is comprised
::::::::::::. of 592 fuel pins, with a center-
0000000000000 to-center, rectangular fuel pin
0000000000000 : spacing of 0.663 in. A quarter-
0000000000000 section through the core is shown
::::::::::::: in Fig. 1. The octagonal core
0000000000000 section is divided into four
e iy . -—g quadrants by a 3/4-in.-thick
% Th aluminum rod-guide cross, which
TRANSIENT ROD CONTROL ROD " houses the four control rod

blades and the crucitorm tran-

. e1-2827 sient rod. The poison sections

't . of the control rod blades (56 in.-
Fig. 1:- Quarter-Section of Spert I . x 7-1/b in. x 3/8 in.) and of
Oxide-Core Containing 592 Fuel Pins the transient rod (26-5/8 in.

x 2-3/4 in. x 3/8 in.) ure con-
structed of binal, an aluminum-
. boron alloy (7 wt% boron). The

follower-sections of the control rods and transient rod are constructed’
of aluminum. The Spert I rod drive system restricts the vertical move-
ment of the control rods to a travel of 21 in. In an effort to maximize
rod worth, the control rods have been positioned axially so that the
bottom tips of the poison sections move from the "inserted" (0 in.) rod
position, which is 15.5 in. above the bottom of the active core region,
to the "withdrawn" (21 in.) rod position at 36.5 in. above the bottom
of the active core. The transient rod poison can be raised 21 in. into
the bottom section of the core and rapidly ejected for the performance i
of excursion experiments. '

3. Static Reactor Measurements -

a. Fuel Logoding. An initial critical luadluy was ubtained
with 503 fuel pins arranged in cylindrical geometry, for which an excess.
reactivity of 17¢ was measured when the control rods were raised to
their outermost rod travel position of 21 in. (i.e., 36.5 in. above the
bottom of the active core region). From a measure of the reactivity
worth per fuel pin for a fuel pin at the perimeter of the core, the
minimum critical core loading for this core was estimated to be 500
fuel pins. The loading of additional fuel to the core was continued
until for a loading of 592 fuel pins an excess reactivity was obtained,
which was somewhat greater than $3. For the 592 fuel pin core, the
critical control rod position at ambient temperature (~ 15°C) was 7.9 in.
The curve of critical rod position as a function of the number of fuel
pins in the core is shown in Fig. 2. The reactivity results quoted
above were obtained with the transient rod poison section out of the
core.
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b. Rod Calibration. For the 592 fuel pin loading, reac-
tivity calibration of the control rods was obtained over the range of
rod travel of from 8 to 21 in., using a boron solution as a reactivity
shim. The calibration curves of differential and integrated control
rod worths are shown in Fig. 3. From these curves, the excess reac-
tivity for the control rods at 21 in. is estimated to be $3.3. (An
additional control rod calibration obtained during the fuel loading
experiment yielded the same results, within experimental error, as
those obtained for the 592 fuel pin core.). For the transient rod,
intercalibration of the transient rod with the control rods indicated
a total reactivity worth of nearly $3, which is estimated to be suf-
ficient for carrying out step-transient experiments for reactor periods
extending down to 5 msec.

C. Reactivity Worth Per Fuel Pin. The reactivity worth
per fuel pin as a function of the radial position of the fuel pin was
determined by measuring the change in critical position of the cali-
brated control rods with a given fuel pin in the core and with the pin
removed from the core. The results obtained at different pin locations
are listed in Table 1. Throughout most of the core, a negative reac- ]
tivity effect is obtained upon insertion of a fuel pin. This is indica-
tive of the degree of undermoderation that exists for this core.



" TABLE 1

FUEL PIN REACTIVITY WORTH

Fuel Pin Reactivity Change

Lattice Position* When Fuel Pin is Inserted
(cents)
(22) A ' -5.3
( b,b) -5.5
( 7,7) -3.2
(lOJlO) . +2.8
( )-#,J_ ) =1.6
(7,1) | -1.2
(10,1 ) ' _ L =0.2

*Fuel pin position in any quadrant is given by the (x,y) coordlnates
of the pin, with the center of the core taken as the origin.

B. Analysis of Pile Oscillator Results

In a previous report(z) a discussion was presented of results
obtained in pile oscillator tests carried out at low power in the
Spert I P-l8/l9 reactor with large input reactivity amplitudes (up to
about $0. 15 Eh§ objective of these tests being to check a formula-
tion by Akcasu of the reactor "Describing Function" or amplitude-
dependent transfer function. Satisfactory agreement with the theo-
retical predictions was obtained for the phase shift of the fundamental
component of the neutron signal with respect to the input reactivity.
The fundamental fractional neutron amplitude obtained experimentally,
however, was 1ncrea51ngly too large, relative to the theoretical value,
as the frequency was reduced below about 0.5 cps.

Several studies have been carried out in an attempt to explain
this systematic discrepancy between theory and experiment. Among these
studies was a thorough check of the compensated ion chamber, designed
by Argonne National Laboratory, which had been used as neutron detector
in the Spert pile oscillator tests. In addition to static calibration
of the chamber at the MIR (which gave satisfactory results), the chamber



was installed in the Treat reactor, in conjunction with Treat pile oscil-
lator studies, to compare its performance with that of an uncompensated
ion chamber of similar design which had previously given good results.
The following is a brief summary of these tests in the Treat reactor.

A shadow-type, cadmium-aluminum, rotary reactivity oscillator was
installed in the center of the Treat reactor. In this location, the
reactivity amplitude was about $0.064, and the reactivity wave shape
contained about a 20% second-harmonic component. The Spert and Treat
chambers were installed in symmetrical positions within the core, about
20 inches away from the oscillator and about 10 inches from the edge
of the core. Oscillator tests were carried out at ffﬁguencies from
0.05 to 10.6 cps, using a nulling-type wave analyzer , and from
0.008 to 0.55 cps with direct recording of the neutron signals and
subsequent Fourier analysis. The reactor power varied from about TO
to 150 w for the tests.

Within an estimated experimental error (90% confidence limits) of

less than +1 degree in phase and about i2% in fractional neutron ampli-
"tude, no significant difference was found between the results from the
two chambers. Furthermore, the results from both chambers were in
satisfactory agreement with predicted values based on Akcasu's formu-
lation, us%n% the thermal-fission delayed~-neutron data of Keepin

and Wimett{5) and a value for the reduced prompt neutron lifetime of
(E/B)eff = 0.125 sec, based on the results of previous measurements
at ITeat(u). A comparison with similarly calculated values based on
the fast-fission delayed-neutron data of Keepin and Wimett was somewhat :
less satisfactory, the experimental amplitude results being in this
case a few percent smaller at the lower frequencies compared to the
theoretical values. Changing the delayed-neutron parameters in this
way had only negligible effect on the calculated phase results.

It is concluded that (except for the possible effect of chamber
microphonics, which was not tested in Treat Studies), the amplitude
anomaly in the Spert pile oscillator test data is not due to faulty
operation of the neutron-detecting ion chamber used.

* .
Performance of these tests was made possible by the cooperation and
assistance of F. Thalgott and J. Boland of the Idaho Divigion of
Argonne National Laboratory.



I1T. SPERT IT

A. Initial Series of Power-Excursion Tests

The first self-limiting power-excursion test with a DoO-moderated
reactor was performed in Spert II on February 21, 1961. The test was
the first of a series designed to investigate the dynamic response of
the reactor with the core configuration shown in Fig. 4. This con-
figuration of highly enriched, aluminum-clad fuel assemblies is desig-
nated as the BD-22/24 expanded core and has been previously described(617).

""The initial test series consisted of self-limiting power excursions
initiated by step-wise reac-
tivity insertions from an
initial power level of about
5 w. The tests were performed
for an initial water tempera-
ture of ahout 20°0 at atmos-
pheric pressure and with no

. forced coolant flow. The range
of initial asymptotic periods
extended from 10 sec to 50 msec,
corresponding to reactivity
injections of approximately
4od to $3. The data from this
series of tests provide a base
point for investigation of the
effect of the various system
parameters on the kinetic
behavior of the system, and
also provide a basis for com-
parison of the behavior of
this DpO=moderated core with
that of several HpO-moderated
cores previously tested at

O CONTROL -RODS

V,’ .
FUEL ASSEMBLIES .
/A - BL 61-1959 Spert
. The preliminary Spert II
Fig. 4 - Spert II Do0=Core data for maximum power as a
configuration Tunetlon of reclprocal perlod

are compared with those from

a light-water core (Spert I,

B-12/64) in Fig. 5. The
B-12/64 core produced the largest peak powers for a given period of
any of the previously tested Spert I cores( . ‘

/

Preliminary examination of the data from the fiducial test series
for the DpoO-moderated system indicates that the general features of
the behavior are those which would be expected for the long-lifetime
system. Fig. 6 shows the power and the fuel plate surface temperature
at a point near the center of the core as functions of time for a
150 msec~period test. The shape of the initial power burst is similar



PEAK POWER (Mw)

10’ |
RECIPROCAL PERIGD (sec')

°*SPERT I

L1l Lt |

Ll

L1yl [

SPERT I
B-127/64 CORE

BD-22/24

EXPANDED DzO CORE

Ll Ll

|

10

102

61-2881

10°

Fig. 5 - Peak Power vs Reciprocal Period for Spert II BD-22/24 Core |

100

o

POWER (Mw)

and Spert I B-12/6L4 Core

for 150 msec-Period Test

9

i l«————REACTOR POWER
o
e
B w
14
- — >
200}_
8 FUEL PLATE SURFACE —150 3
TEMPERATURE w
100 &
- =
—H Ly #
I 2 3 4 5 6 7 8 9 10 Il 12 13 14 15
TIME (sec) c1-2882
Fig. 6 - Reactor Power and Fuel Plabe Surface Temperature



to the burst shapes obtained in light-water cores for periods shorter
than about 25 msec where boiling had become an important quenching
mechanism. The sustained power oscillations following the initial
burst were not observed for the light-water power-excursion tests, but
are similar to the oscillations observed in the Spert I stability tests
when %agge amounts of reactivity (~ $1.5) were compensated by steam
voids(9). 1In short, the power behavior of the DoO-moderated core for
relatively long periods suggests that steam formation is an important
mechanism for quenching of the initial burst and that in the post-
burst region a substantial amount of reactivity is compensated by
boiling. This statement is substantiated by the fuel plate surface
temperature data. As shown in Fig. 6, the fuel plate surface reaches
saturation temperature prior to peak power and, after an initial over-
shoot, returns to saturation temperature for the remainder of the

test. These results are understandable when the compensated reactivity
requirements for the core are considered. For the 150-msec test shown
in the figure, approximately $1.60 is injected to initiate the excursion.
Of this, about 70¢ must be compensated at t%e time of peak power which,
for an average void coefficient of 0.02¢/cm® of void,($3 requires that
approximately 10% of the moderator within the fuel assemblies must be
voided. In the post-burst region almost all of the injected $1.60

must be compensated, which probably requires bulk boiling. The reac-
tivity compensation due to bulk moderator heating is small in this
expanded core configuration, since only the water within the fuel
assemblies is appreciably heated.

For a 50 msec-period excursion in this core, about one-third of
the DoO in the assemblies must be voided at the time of the power maxi-
mum. This expulsion of DoO for short-period tests has resulted in
differential pressures in the core sufficient to cause bowing of fuel
plates. The statistical nature of the bulk bolling prucess which pro-
duces considerable variations in local heat transfer rates has resulted
in uncertainty in the location and magnitude of the maximum fuel plate
surface temperature.

Detailed examination and correlation of these prellminary dats are
in progress. ‘

10



Iv. SPERT III

A. Calculations of Nonboiling Reactivity Compensation in Spert ITI
Power Excursions

1. Introduction

In high-pressure systems such as Spert III, it is possible to
increase the vessel internal pressure sufficiently to suppress boiling
throughout the core up to the time of the peak of a power excursion and
thereby eliminate the negative reactivity ?ontri ution from steam forma-
tion, even in the very short-period region 10,1 Calculations have been
performed in an effort to determine if the predicted reactivity compensa=-
tion resulting from fuel plate expansion and from conduction heating of
the moderator are adequate to account for the observed reactivity compen-
sation at the time of the power peak for nonboiling Spert III power excur-
sions. In this calculation, it is assumed that additional contributions
from radiolytic gas formation and direct moderator heating by radiation
are relatively small compared with the contributions from the other
mechanisms considered, and may be neglected in a first approximation.

A similar appfoach ad been used previously in analyzing some of
the Spert I results 12,13) and attained a moderate degree of success.
For the Spert III calculations, certain refinements have been incorpo-
rated 1n the calculational technique with the intention of improving the
degree of correlation between the calculated vi%ues of the reactivity
compensated and those obtained from analysis(l of the reactor power
history during the transient.

2. Description of the Analysis

In this analysis, fuel plate expansion and moderator heating
are considered to be the reactivity compensating mechanisms. The measured
fuel plate surface temperature for the hottest region of the core and the
measured neutron flux distribution are used to obtain the local temperature
rise in various regions of the core. Thermal expansion of the fuel plates
is treated as a decrease in the moderator volume, without net change in
the core volume. A one-dimensional thermal diffusion calculation is made
to obtain the temperature distribution in the moderator, and the resultant
density change, taking proper account of the nonlinear expansion of water,
is treated as an effective void volume increase. In order to obtain the
reactivity worth of each of these effects, the measured void coefficient
of reactivity is suitably adjusted to obtain the local void worth.

Calculations were performed for the Spert IIT core configzra%ion
shown in Fig. 7. The core, which has been described previously 15 5
consists of 44 plate-type, stainless-steel fuel assemblies and 8 fuel-
poison control rods. In the calculations, the relative importance of
different regions of the core was taken into consideration by dividing
the core into four radial regions, as shown in Fig. 8, and into 18 equal
vertical regions. The half-channel water region adjacent to each fuel
plate was divided into 33 regions horizontally from the fuel plate
surface. The reactivity compensation was then calculated for each local
region of the core and the total reactivity compensation obtained by

11
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summing over all regions of the core.
The reactivity compénsated by fuel plate expansion at the time of
peak power, Ak,, was obtained from Egn.(1).

) | (1)

r,i

' ' 100
Ny = EE: Cr,i Vi, 3a 8By 4 (Vﬁ
r,i

" where
r = index for radial region = 1, ... 4,
i = index for vertical region = 1, .... 18,
Cr, 1 the local void coefficient for region (r,i), in £/(% of Vy
voided), :
V,; = total water volume in core,
a = linear expansion coefficient for the fuel plates,
Agr,i = aﬁerage temperatufe rise in the fuel plates for region (r,i),
and’ (Vﬁ)r,i. = the initial volume of the fuel plates in region (r,i).
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The terms of Eqn. (1) were evaluated as follows. In order to
determine the local void coefficient Cr j, an average void coefficient
Cr was measured for each radial region, using aluminum strips to simu-
late voids. Cr is expressed in cents per percent of the total core
water volume voided. Cr j was assumed to be related to the vertical
neutron flux distribution within the radial region r. The vertical
variation of void worth and the vertical flux distribution were measured
for the central (r = 1) region of the core and it was determined that
Cr,i 1s not strictly proportional to the local flux. However, for the
calculation it was assumed that the local value of the ratio of the
relative vertical void effect to the relative vertical flux (R.V.E;/R.F.)i
measured for the central region, is valid for all regions of the core.
Then

— ¢I‘,i R.V.E.
r,i 7 C’r ¢I‘ R.F, (2)

where § .. i/¢ » is the ratio of the average flux for region (r,i) to the
average flix for the whole radial region (r).

The average temperature rise of the fuel plate in region (r,1),
Agr,i: was determined by assuming the local surface temperature rise to
be proportional to the local neutron flux, ¢r,i and to the measured
maximum fuel plate surface temperature rise at the time of peak power,

AQ;r_na_x(‘tm) . ’

Thus,

26, ; = boe . (ty) %—— (3)
max

where ¢max is the maximum messured neutron flux in the core, and b is

the ratio of average fuel plate temperature to fuel plate surface tempera-
ture, estimated from approximate temperature distribution calculations,
and is a function of the reactor period.

Using Equations (2) and (3), Ean. (1) may then be written more
explicitly as

r 1 W, max

z — ’ér;l R.V.E. 100 ¢r,i
Akp ) . Cr % R.F. [ V. 3ab Agma_x(tm VP r,i ()4.)
r,i

The second reactivity compensating mechanism considered is moderator
heating due to conduction from the fuel plates. Heating of the moderator

13



from temperature ©) to temperature 6, results in a fractional density

change
) p(e1) - p(e2) p(62) (5)
P p(eq) p(e1)

where p(8:) = the water density at a temperature ©3. Since Ap/p, thus

defined, 1s equivalent to A V/V for the void coefficient measurements
where a volume AV of the initial moderator volume is voided, the product

of Eqn. (5) and the volume of water in the reglon (r,i,x), V(e)

r,i,x’ is

the equivalent void volume associated with that region as a result’of

heating the moderator from €7 to 6o.

It should be noted that Eqn. (5)
includes the nonlinear expansion of water with temperature.

The total

" reactivity which is compensated by heat conduction to the moderator is

then given by:

. T ’
Z:, Cr,i

r,i,x Vi

Ak_w =

where x = index for'water channel regions =
by Egn. (2) and the other symbols are as previously defined.

(6)

1.....33, Cr,i is given
6o was

obtained from the average temperature rise of the water in region (r,1i,x)
based on solution of the one-dimensional thermal diffusion equation for
a time~dependent heat input having a burst shape closely approximating

that of the experimental power burst.
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For this solution, the fuel plate
surface temperature for a region
(r,i), (61 + 88y 4), obtained from
Ean. (3), and thd fact that the
temperature remains finite were
used as the boundary conditions.

‘The total reactivity compensated
to the time of peak power is given
by the sum of the individual contri-
butions from moderator heating,

Egn. (6), and fuel plate expansion,
Eqn. (4).

3. Comparison of Calculations
with Experimental Results

In Fig. 9, the results of
the calculations are presented
together with the experimental
values of the reactivity compen-
sated to the time of the power peak
for seven step-transient power excur-
sions at elevated pressures in the
Spert III reactor. These tests
ranged in values of the reciprocal



period from 6 to 95 reciprocal seconds, corresponding to initial periods
of 167 msec to 10.5 msec. . The curve marked "total" is the sum of the
lower curve, Ak, and the next higher curve, Aky,;. The experimental
values of the total reactivity compensated to the time of the power
peak, as determined from analysis of the power history, are shown as
data points. A value of z/Beff of 3 x 10-3 sec, where £ is the prompt
neutron lifetime and Berf is the effective delayed neutron fraction,
was used. As can be seen from the figure, the present calculational
approach produces the general shape of the compensated reactivity
dependence on reciprocal period for reciprocal periods greater than

20 sec'l, but yields values which are only about hslf as large as the
experimental values.

Since it is recognized that errors exist in the input data, the
sensitivity of the analytical results was investigated for variations
in each of the input parameters. By considering a maximum possible
deviation of 20% in all of the quantities involved in the calculations,
a probable deviation of 50% has been determined for the calculated
values of the reactivity compensated to the time of the power peak.
Even with this liberal allowance for errors in the input parameters,
the experimental wvalues are still outside the limits estimated for the
calculated values.

As a further check on the validity of the calculational method,
this technique with all its refinements was applied to some long-period,
nonboiling, Spert I test data and yielded discrepancies with the experi-
mental data similar to those resulting from the Spert III calculations.

The results of these calculations indicate that the method of
analysis used does not account for the observed reactivity compensa-
tion at the time of the power maximum for nonboiling power excursions
if fuel plate expansion and moderator heating by conduction are the
only reacZ'v’ty compensating mechanisms considered. Although the
previous, l3i less detalled, calculations and experimental results indi-
cated that radiolytic gas formation and moderator heating by neutron
and gamma radiation were not important for short-period tests, a
reconsideration of the magnitude of such effects is in order. The
possibility also exists that previously unexplored radiation effects
on heat transfer rates may have become manifest, which could result in
greater reactivity compensation from water expansion.

B, Ramp-TInitiated Power-Excursion Tests

Tests have been performed to investigate the response of the
Spert III reactor to reactivity additions which are linear functions
of time. These ramp insertions of reactivity were initiated from
delayed critical at room temperature (~ 25°C) for various initial power
levels from 0.1 w to 100 kw, system pressures from O to 2500 psig, and
coolant flow rates from O to 20,000 gpm. Reactivity addition rates of
53¢/sec, 35¢/sec and 18¢/sec were used. All tests were terminated
shortly atter the occurrence of the initial power burst.

15



The effect of ramp rate on the initial power burst is shown in
Fig. 10. The reactor power is shown as a function of time after the
start of the reactivity addition for tests having ramp rates of 53, 35
and 18¢/sec. Each of the tests was initiated from a power level of about
10 w, with a system at atmospheric pressure and with no forced coolant
flow. The factor of three increase in ramp rate resulted in a factor of
five increase in peak power, from about 90 Mw to about 450 Mw. The mini-
mum effective periods were 17, 23 and 42 msec for the ramp rates of 53,
35 and 18¢/sec, respectively.

3
10
i REACTIVITY ADDITION RATE ~53¢/sec
= ﬂ/ REACTIVITY
2 " ADDITION RATE ~35¢/sec
10 |- :

REACTIVITY AODDITION
RATE ~I8¢/sec — v _

REACTOR POWER (Mw)

( 1 | } 1 | ] | L 1 |

20 25 30 3.5 4.0 4.5 5.0 5.5 60 6.5 7.0
TIME AFTER START OF RAMP (sec)

61-2871

Fig. 10 - Reactor Power Behavior for Room Temperature, Atmospheric
Pressure, No-Flow Excursions with Ramp Rates of 53, 35 and 18¢/sec
(Tultlsl Power = 10 w)

The effect of initial power level on the power burst shape is shown
in Fig. 11 for 18¢/sec ramp-rate tests performed at atmospheric pressure
with no flow. The factor of 10° decrease in initial power from 100 kw
to 0.1,w resulted in a factor of about twenty increase in peak power.
The reactivity addition is also shown as a function of time and it is
noted that, in all cases, the power maximum occurred prior to the end
of the reactivity addition. The observed relative insensitivity of
the peak power to initial power is in essential agreement with previous
Spert I data(16) and with predictions of an analytical model previously
reported(l6: 17, 18) .

The approximate analytical model for ramp-burst behavior indicates
that for super-prompt-critical excursions, the power behavior for ramp-
induced and step-induced bursts will be quite similar when the two are
compared on the basis of effective period; that is, when the minimum
effective period for the ramp burst equals the initial asymptotic period
for the step burst. In Fig. 12, the reactor power behavior is shown for
an 18¢/sec ramp test and a 4O msec-period step test. The minimum period
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Fig. 11 - Reactor Power Behavior for Room Temperature, Atmospheric
Pressure, No-Flow Excursions with Initial Power as a Parameter
(Ramp Rate = 18¢/sec)
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Fig. 12 - Reactor Power and Fuel Plate Surface Temperature for
18¢/sec Ramp Test and 40 msec-Period Step Test
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for the ramp test is about 42 msec. Both excursions were initiated from
a power of 10 w with atmospheric pressure and zero flow. The peak power
for the ramp test is slightly higher, but otherwise the bursts are quite
similar. The fuel plate surface temperatures for the hottest measured

fuel plates are also compared in Fig. 12 and are seen to be essentially
the same.

Fig. 13 is a similar comparison of a 53¢/sec ramp-rate test (Tpip ~
17 msec) with a 17.5 msec-period step excursion. The peak powers agree
within a factor of two but there is a noticeable difference in the under-
shoot immediately following the burst. Since the reactivity which must
be compensated at the time of the power peak is larger for the ramp, as
evidenced by the higher power maximum, the delay in energy transport
from fuel plate to water results in a larger overcompensation in reac-
tivity after the peak, producing the greater undershoot. If this same
ramp burst is compared with a 14 msec-period step test, both the power
peak and the post-burst behavior agree very closely.

3
10 -
i POWER BEHAVIOR vs TIME
(¢; ~ 10 watts)
- i |17 msec s Ts |75 msec
2
10 “T—REACTOR POWER i
s I
z —
~ - 53¢/sec RAMP T)
(1 4 o
wio
2 o
s It - /N T 160
x . 4 A\ /  °STEP TRANSIENT 777" ==-4 w
o FUEL PLATE SURFACE TEMPERATURE |20 &
o | I~ STEP TRANSIENT . =t
< | [ Ol R -y ————rewr=yg 80 <«
w _ @
* 1 NRAMP TRANSIENT d40 &
RAMP ENDS . =
= w
) 0.2 . 0.4 0.6 0.8 1.0 1.2 1.4
TIME (sec)
6l—2788

Fig. 13 - Reactor Power and Fuel Plate Surface Temperature for
53¢/sec Ramp Test and 17 msec-Period Step Test

Fig. 14 is a plot of the maximum reactor power as a function of
maximum reciprocal period for all of the atmospheric pressure, no-flow
ramp tests, at all addition rates and initial power levels. The dashed
line is the best~fit line for step-insertion test data in Spert III.

It is seen that the equivalence on the basis of period is good within
about a factor of two between step- and ramp-insertion tests, even for
long-period tests for which the "prompt approximation" analytical model
does not stri?t%¥ apply. Similar results had been found previously for
Spert I tests 16). ‘

[

18



=z U
=
.= al
xi0
o 'OT >
(% | | /
o 10 |— 5
- PO
0: 21 ../rf’
210~ e
o I /
L|<J i /o -'Q'.
m lo [ [ J ‘g‘.‘o
= /_f‘
> I Bl _—" .
2 — .
= """ STEP TRANSIENTS (NO FLOW, ATMOS. PRESS.)
é [OF— ¢ RAMP TRANSIENTS (NO FLOW, ATMOS. PRESS))
s — =& RAMP TRANSIENT (20,000 gpm, 2500 psig)
I-OZ'_ | Lol A N R R B 1

10! | 10 10% Tok

MAXIMUM RECIPROCAL PERIOD (sec')

61 -2789

Fig. 14 - Maximum Reactor Power vs Maximum Reciprocal Period
for Spert III Ramp Tests

The effects of changes in system pressure and coolant flow rate on
the kinetic behavior for ramp insertions we{e found to be essentially
the same as those found for step insertions{l A single data point
for a ramp test at 20,000 gpm flow and a pressure of 2500 psig has been
included in Fig. 14 to indicate the relative 1nsen81t1v1ty of peak
power to changes in these parameters

In summary, the Spert III ramp-induced power-excursion tests at
room temperature have shown that, as was the case for the Spert I
reactor, power burst behavior is quite sensitive to reactivity addi-
tion rate, and relatively insensitive to initial power level in the
range from 0.1 w to 100 kw; and that, for practical purposes, ramp-
and step-induced bursts are essentially equivalent when compared on
the basis of effective period. In addition, it has been demonstrated
that the effects of changes in system pressure and flow rate on power
excursion behavior are essentially independent of the mode of reac-
tivity insertion.
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V.  ENGINEERING

A. Spert IIT Thermowell Failure

Y

During a recent mechanical disassembly of the Spert III core struc-
ture, the immersion section of & primary system thermowell was found in
the bottom of the Spert III reactor vessel. Investlgatlon showed the
broken thermowell to be a spare which had been plugged during plant
construction. Had this not been the case, the failure would have been
immediately indicated by a leak in the primary coolant system. The
broken thermowell had originally been located in the east loop of the
primary piping between the discharge of the primary coolant pumps and
the inlet to the reactor vessel. Circulation of the coolant had appar-
ently carried the broken section of the well from its original position
into the reactor vessel where it was found.

Examination of the broken thermowell revealed it to have been "field-
fabricated" from an 8-in. length of 1/2-in., schedule 8), stainless-steel
pipe, the inner end of which was seal-welded. The other end was welded
into a l-in. by 1/2-in., stainless-steel bushing. The thermowell assembly
had been installed in the primary system by threading the bushing into a
l-in. stainless-steel pipe boss which is welded to the primary piping.

The threaded joint had been seal-welded. The break occurred at the weld
of the 1/2-in. pipe to the bushing. A metallurgical examination of the
break indicated a typical fatigue failure with no evidence of inter-
granular corrosion.

A subsequent check of the 18 thermowells in the Spert III primary
piping system revealed that 12 were commercially supplied wells with a
9-in. immersion length, two were commercially supplied wells with a
6-in. immersion length, and the remaining five were "field-fabricated"
with approximately an 8-in. immersion length. All of the thermowells
were of the cantilever-type and were 1nstalled perpendicular to the
flow stream.

The five "field-fabricated" thermowells were immediately removed
from the system since details of their construction were not available.
An analysis was initiated to evaluate the suitability of the remaining
wells for this seryice. Calculations were made to determine pertinent
characterlstlcs 2r¥ of the remaining wells and of a commercial 5-in.
immersion-length well being considered for replacement of the "field-
fabricated" wells. The results of these calculations are shown in
Table 2.

Since the calculated natural frequency in air of the 9-in. well
fell between the Karman vortex frequency (due to flow velocity) and
the primary coolant pump impeller frequency (~ 350 cps), additional
evaluation of this well was required. The calculational method used to
obtain the natural frequency of the thermowells in air generally %1V§S
an answer lower than the actual experimentally obtained' frequency 20
In addition, a w teg medium is known to lower the natural frequency of
an immersed body A laboratory experiment was conducted on an
.~ available 5-in. immersion~-length well to test an experimental method
for obtaining the frequency response of the installed plant thermowells
and to estimate the water immersion effect on the natural frequency.
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TABLE 2

CALCULATED THERMOWELI, CHARACTERISTICS
(Based on 30 ft/sec (70°F) Water Flow Velocity)

Type of Well
(Tmnmersion Length)

9-in. 6-in. 5-in.

Static Pressure
Limitation, TOO°F (psi) 4050 4050 4280

Natural Frequency in %
Air, TO°F (cps) 300 675 890-965

Immersion Length
Limit (in.) 17 17 17

Karman Vortex
Frequency (cps) 106 106 115

*
Calculational constants were gpproximated for this well(eo).

Strain gages were installed on the inside and the outside of the
thermowell and the well was threaded into a heavy steel plate. The out-
puts of the strain gages were amplified and fed into an oscilloscope.
Rapping the thermowell produced a strain gage signal which was observed
on the oscilloscope and photographed. The natural vibration fréquency
of the thermowell was estimated from the photograph. Several photos
were taken with the well both in air and immersed in water. From this
experiment, it was found that the natural frequency in air was 1020 cps
and the natural frequency in water was 950 cps for the 5-in. well.

Experimental data were also obtained for the Spert IIT plant thermo-
wells in place. The frequency characteristics were determined for various
coolant flow rates. For these tests, strain gages were mounted inside
a 9-in. immersion-length well, a 6-in. well and a 5-in. well. The 5-in.
thermowell was a replacement for one of the "field-fabricated" wells
that had been removed from the system. Outputs of the strain gages were
amplified, observed on an oscilloscope and recorded on magnetic tape.

The natural frequency of each thermowell type was obtained by rapping
the top of the well and photographing the signal output on the oscillo-
scope. The frequencies observed with the primary system filled with water
were: ‘ '

9-in. immersion-length well - ~350 cps

6-in. immersion-length well - ~730 cps

5-in. immersion~length well - ~Q70 cps
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Plant flow conditions of 6,000 gpm, 12,000 gpm and 20,000 gpm were
established for testing the 5-in. and 9-in. immersion-length thermowells,
and flows of 500 gpm, 1000 gpm and 1500 gpm were established for testing
the 6-in. immersion-length thermowell. The strain gage output signals
were recorded on magnetic tape. Figures 15, 16 and 17 show the results
of a 1/2 octave band frequency analysis of the strain gage output signals.

It is apparent from the figures that the amplitude of excursion of
the 9-in. thermowell in the region of its natural frequency, 350 cps,
is as much as 80 times that of the excursions for frequencies other than
350 cps. Flow rate has little effect on this amplitude which indicates
that vortex excitation is relatively unimportant. However, since the
natural frequency of this thermowell coincides very closely with the
primary pump impeller frequency, the amplitude gain is undoubtedly due
to excitation of the thermowell by pump operation.

The 6-in. thermowell is somewhat excited near its natural frequency,
730 cps; however, the maximum amplitude of the excursions in this region
is only a factor of 20 times that of the excursions in other frequency
regions. Since this excitation occurs at about one octave above the
impeller base frequency, it can also probably be attributed to the pump
impeller frequency.

The 5-in. well is relatively unaffected by either flow or pump
frequencies.

9 inch IMMERSION LENGTH THERMOWELL

o+ ® 6,000 gpm FLOW

¢ 12,000 gpm FLOW

$ 20,000 gpm FLOW

o ® '
2 -20 o L
o
> -30 2 _
- o/* )
a "
2 ¢ 24 ¢
s -40 z——
®
< .\
NOTE: AMPLITUDE PLOTTED
AT MIDPOINT OF 1/2 OCTAVE z\!__x
S0 ganp ®
-60 | | 1 | lllll | | | | lllll, | 1 1111
o) 102 103 10*
FREQUENCY (cps) 81-2982

Fig. 15 - Vibration Frequency Spectrum for
9-in. Immersion-Lenglh Thermowell
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6 inch_IMMERSIQN LENGTH
THERMOWELL
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Fig. 16 - Vibration Frequency Spectrum for 6-in. Immersion-Length Thermowell
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Flg 17 - Vibration Frequency Spectrum for 5-in. Immersion-Length Thermowell
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It thus appears that the use of the 9-in. and 6-in. thermowells
in the Spert III system had not been adequately evaluated in the origi-
nal plant design. In view of the possible consequences of future
fatigue failures during plant operation, which could include serious
damage to the canned-rotor pump impellers, and in consideration of the
above data, all of the 9-in. immersion-length thermowells which are
subjected to high velocity flow were removed from the primary system
and replaced with 5-in. immersion-length thermowells.

B. .Spert Type "D" Assembly Hydraulic Fatigue Test

A hydraulic, fatigue test has been conducted on the 18-plate, type "D"
fuel assembly 22) intended for use in Spert IV. The assembly was sub-
jected to a flow of 590 gpm for 220 hours in the MIR-ETR hydraulic test
facility. This flow represented an average velocity of 41 ft/sec in the
fuel assembly water channels and a fuel assembly pressure drop of 43 psi.
This flow rate is approximately 300% of the maximum flow rate proposed
for use in Spert IV.

At the completion of the test, the fuel assembly was dismantled
and the U238 dummy fuel plates were inspected. No apparent physical
damage occurred to the plates except for a slight longitudinal bowing
which could only be observed after the plates were removed from the
assembly,
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