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ABSTRACT

An experiment was performed on the SRE, wherein relative stability analy-
sis and the determination of core dynamic parameters were accomplished. The
technique was one of producing a sinusoidal change in reactivity through oscilla-
tion of an existing control rod and measuring the reactor flux and temperature
responses by use of a correlation technique which allows measurement of only
the fundamental frequency of reactor response. The ability to isolate the funda-
mental frequency permitted the analysis of data with distortions or small signal

to noise ratios present.

By isolating individual gains and response times, the simplified individual
transfer functions of fuel, moderator and coolant were determined. These trans-
fer functions were used in the equation for the power coefficient to separate the

isothermal temperature coefficients of reactivity.

The isothermal temperature coefficients of reactivity were determined as

& (Fuel) = -1.1 x 10" 2] °F

a(Coolant)= +0.3 x 10"5/ “F
a (Moderator) = +1.3 x 10_5/ °F (at 675°F)

The steady-state power coefficients were determined as

[ 3 -4 (1400 gpm
Hss - n_o - 0.37 )x 10 & 50%/ Mwt coolant flow)
or
-3.5x lO_4
H == 50%/Mwt (core AT = 335°F)

(e]

From these individual measurements and one-lumped parameter model cal-
culation, it was possible to approximate very closely the equations for dynamic
stability analysis. The work has shown that the SRE has excellent dynamic sta-

bility over all frequency ranges and operating conditions of practical importance.
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I. INTRODUCTION

A. STABILITY AND REACTOR PARAMETERS

In order to mathematically describe and to improve a specific reactor con-
cept (such as a sodium-cooled, graphite-moderated reactor), it is not only neces-
sary to determine the relative stability of the reactor under study (e.g., the SRE)I,
but also to attempt to separate each of the parameters upon which the stability

analysis is dependent.

The relative importance of each major component must be determined from
the standpoint of both magnitude and time of response. The power coefficient,
in the form of a frequency response curve, denotes the relative stability but is
of little assistance in design modifications. For design improvement, a knowl-
edge of the functional dependence of the power coefficient upon each of its param-
eters is required in order that a specific region of influence may be altered in a

direction to improve the response.

In this report the power coefficient curves have been determined to a rea-
sonable degree of accuracy — independent of any approximation. For design
usage and extrapolation of the power coefficient curves to the steady state, the
separation of parameters required some approximations, assumptions, and the

use of data which were obtained by experimental techniques other than oscillation.

B. OSCILLATION OF THE REACTOR

The usefulness of transfer-function or frequency-response measurements
of nuclear reactors for the purpose of determining relative stability and param-
eter magnitudes has become increasingly evident in the last few years as a re-
sult of the development of applicable oscillation techniques. The specific appli-
cation of the oscillation technique for zero-power frequency-response measure-

ment on the SRE has been reported in deta.il.2

For oscillation at-power, the same equipment and procedure were used as
for the zero-power measurements. Oscillation of the reactor was accomplished
by direct oscillation of a shim rod through a peak-to-peak amplitude of approxi-
mately 5/16 in. (8,0 =1.5x 10_4). This method of oscillation had poor response

for frequencies greater than 0.1 cps. As will be explained in Section II, good

NAA-SR-3763
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frequency response to at least 0.5 cps is desirable for analysis of a sodium

graphite reactor. This series of tests was conducted for the primary purpose
of demonstrating the feasibility of the oscillation method of frequency response
measurement at-power, and to determine the general magnitude of the reactor

parameters and relative reactor stability.

C. GENERAL THEORY

Stability in a reactor is basically dependent upon the system feedback due to
temperature and power changes. There also is a slow response dependence
on xenon buildup and decay, but the effect is extremely slow and need not be con-
sidered in comparison with the temperature and power dependent feedback effects.
The general theory and equations covering the effects of feedback in nuclear re-
actors, when operating at a sufficient power level to cause temperature changes
to become noticeable, have been thoroughly covered in the literature.  For the
convenience of the reader, however, a block diagram illustration of these ef-

fects is shown in Figures 1 and 2 (using control-system-theory notation).

Figure 1 is the basic diagram and illustrates the manner in which the zero-
power transfer function, G(s), of a reactor is transformed by the power depend-
ent feedback term, H(s). The zero-power transfer function is dependent only
upon the type of nuclear fuel used in the reactor, and upon the ratio of the prompt-
neutron lifetime, £, of the reactor to the effective fraction of delayed neutrons,
B. H(s), however, is dependent upon nearly all of the components of the reactor
core. Figure 2 is a breakdown of some of these effects. A solution of the block

diagram of Figure 1 gives for the at-power transfer function:

Sn(s) _ Gl8)zp T (1)
S i = P -
P(s) 1 - H(s) G(S)ZP
The feedback transference H(s) is then
1 1
H(s) = - (2)
Gls) yp  Gls),

The nomenclature for this report will be found in Appendix A.
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G(s)

ZP
pls) <g> Sn(s)
+

Zero-Power Reactor Transfer Function

H(s)

Feedback Transfer Function

Figure 1. Block Diagram of Basic Reactor Transfer Function
When Operating At-Power

o T I

Figure 2. C‘r(s)P — The Reactor Transfer Function When Operating At-Power
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When the reactivity input is sinusoidal ( 8,0 = 8,00 sin wt), the Laplace oper-
ator (s) is set equal to jw in the transfer function. Under this condition the trans-
fer function becomes the frequency response. H(jw) of Equation 2 is the fre-
quency response of the feedback system, and is defined as the power coefficient.
For experimental determination of the value of the steady state power coefficient
by frequency response measurement, information must be obtained at as low a

frequency as possible and extrapolated to zero frequency.
From Figure 2
>T 3T 5T

. C 4.
arS (jw) + 2 Sa (jw) + @ ST

m

H(jw) = (Gw) . L (3)

The a's are referred to as the isothermal temperature coefficients of reac-
tivity. They are difficult to calculate accurately and, in a large reactor, difficult
to measure. Attempts to measure these at the SRE under semi-isothermal con-
ditions have been only partially satisfactory. By applying various analyticaltech-
niques to the measured frequency responses of Equation 3 for several different
reactor operating conditions, it is theoretically possible to separate and deter-
mine the six unknowns of the equations, providing the individual break frequen-
cies of the three frequency dependent components occur; (1) at least one decade
apart; and (2) at a frequency at which the oscillator equipment is capable of func-
tioning. In practice, it is not possible to make this separation, to a high degree
of accuracy — in a reactor such as the SRE. The transient behavior of the fuel
and sodium coolant is too closely coupled, and the break frequency of the graph-
ite moderator occurs at such a low frequency that it is masked by the reactor
power-level drift. However, good approximations of general magnitudes and

time responses of the various temperature coefficients of reactivity were obtained.

In order to determine the frequency response of the power coefficient, H(jw),
directly, it is necessary to take the difference between two complex quantities of
the same order of magnitude. In actual experimental measurement, Equation 2

is normalized to

NAA-SR-3763
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%o 1 1

2 H{jw) = .

B o) - R B
n; Glwlzp T

G(jw)p

The normalized zero power transfer function is known from theoretical cal-
culations and experimental rneasurernent.‘2 Since the normalized feedback term,
or power coefficient, approaches zero at sufficiently high frequencies, the best
results are obtained when it is possible to oscillate the reactor at a sufficiently
high frequency so that the zero-power and at-power reactor frequency responses
functions are equal in both amplitude and phase. Under this condition, any errors
due to original equipment setting or torsional strain in the oscillator drive mech-
anism may be corrected. The required frequency for the SRE would have been
about 0.2 or 0.3 cps. The specific equipment used could satisfactorily operate
only as high as 0.1 cps with accuracy. This was close enough to the required

frequency to afford reasonable extrapolation accuracy.
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Il. MEASURED AT-POWER FREQUENCY RESPONSE

A. SPECIFIED REACTOR CONDITIONS

At-power measurements for the SRE were conducted by oscillating the re-

actor at four different power levels and under two different criteria of operation.

One criterion called for the different power levels to have approximately the

same coolant flow rate; the other called for approximately the same temperature

difference across the reactor.

These different reactor operating conditions were

required to permit the separation of the parameters of Equation 3 and are listed

in Table 1.

The two criteria were selected because the lumped parameter equa-

tions of Appendix B indicated that the gain of the three frequency dependent

parameters was flow dependent, whereas nuclear theory and experimental meas-

urements have shown that the isothermal temperature coefficient for the graphite

moderator is temperature dependent.

Thus, measurements of different flow

conditions as well as different average reactor temperatures were required to

afford sufficient equations to separate the six unknown variables in Equation 3.

TABLE I

REACTOR CONDITIONS FOR SPECIFIC OSCILLATION RUNS

Run Power Flow Tin Tout AT Operating
No. (Mw) (gpm) (°F) (°F) (°F) Conditions
1 9.5 1400 490 670 180
Full
2 14.5 1425 b23 795 273 Flow
3 18.5 1400 520 830 330
-4 5.25 357 488 868 380
Variable
5 10.5 746 500 840 340 Flow
6 14.5 1120 510 840 330

NAA-SR-3763
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GAIN-(db)

PHASE (degrees)

ZERO POWER REACTOR

NORMALIZED TRANSFER FUNCTION | POWER [FLOW) T\ | Toyr| AT
b e e GAIN 1_Mwt |gpm] ef| °F | °F
B G (iw) FULL FLOW
Ny ZP Jw
(f t2) 95 |1400[490|670 | 180
30 R 14.5 |1425 |523| 790|270
A 18.5
-
< 20
[Ze]
o
- N
| o[- NORMALIZED AT POWER
~ TRANSFER GAIN
HOGP (Jw) ‘
0
0.000] 0.00I oo] ol
FREQUENCY (cps)
Figure 3. Measured Gain of SRE Transfer Functions
+50
POWER | FLOW | Tin | Tout | AT
+40 Mw | 9Pm | °F | °F | °F
.30 FULL FLOW
© 9.5 | 1400 | 490 | 670 | 180
+20 Al45 | 1425 | 523 | 790 | 270
185 | 1400 | 520 | 850 | 330
+10 = FULL CORE AT
0 LPHASE ANGLES >0 @® 525| 357 | 488 | 868 | 380
AT POWER A 105 | 746 | 500 | 840 | 340
-10 m 4 840 | 330
-20 e
-30 g
-40
-50 /
-60
-70 | ZERO POWER
PHASE
-80
-90
0000I 0.00l 0.0l 0.l 1.0

FREQUENCY (cps)

Figure 4. Measured Phase Response of the SRE Transfer Functions
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B. REACTOR FREQUENCY RESPONSE MEASUREMENT AT-POWER

Figure 3 shows the measured reactor frequency response amplitudes in
decibels. Since the differential worth of the control rod was known to shift
slightly with power level, it was necessary to shift the amplitude curve of the
at-power measurement to permit the curves to match smoothly into the zero-

power curve.

The indicated variation in differential shim-rod worth, for the peak-to-peak

oscillation travel of 0.256 inches is shown in Figure 5 for shim rod Number 1

?
O
= 0o T [ 1 l 1 1
=2 SHIM ROD NO.I AT 864 COUNTER REVOLUTIONS OUT ||
0.024
o | REVOLUTION = 1/16 INCH
> 0022 |—
g (PEAK TO PEAK MOTION OF SHIM ROD WAS 0256 in)
~ 0018 | '
=z
= 0016 CORE A T 380 °F
O
335°F
© 0014 //ZCORE aT 3 |
° 0.0 12 |jmm— = | —nN . I I !
1 ’ ) g
o | | T —FULL FLOW 1400 gpm
L o010 - - '
@ 0 2 4 6 8 10 12 14 13 18 20
=
o% REACTOR POWER (Mwt)

Figure 5. Variation of Differential Shim Rod Worth of the SRE
with Respect to Power

withdrawn 54 inches out. The observed difference is thought to be the result of

flux tilting due to xenon buildup and temperature effects on neutron parameters.

The phase curves in Figure 4 had to be elevated 17° to permit smooth tran-
sition of the at-power phase curves into the zero-power phase curve. This was
not considered unreasonable since 17° was of the order of magnitude of the tor-
sional strain noted on the gearbox position indicator while conducting the experi-
ment. Accuracies ofthe phasemeasurements for frequencies of 0.001to 0.0005 cps
are somewhat in doubt since the correlation method of mea.su.rernentZ could not
be employed, and direct visual analysis of the data was required. The latter
method may be in error as much as 25° as compared to a maximum of 3° error

when correlation is used.
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Before proceeding, there are several observations which should be made in
order to note the amount of qualitative information obtainable from Figures 3 and
4. Calculations of isothermal temperature coefficients of reactivity have indi-
cated that a and a are positive under normal operating conditions. Since
BTm/S n (jw) and STC/Sn (jw) are always positive, these isothermal tempera-
ture coefficients of reactivity produce a positive feedback effect which would tend

to produce an unstable condition. Likewise, which is dominated by the

a b
Doppler effect, is known to cause a negative fefedback which contributes to a
stabilizing effect on the reactor. For both a negative and positive power co-
efficient, the gain will approach a constant level of 1/H(jw) as w approaches
zero. The phase, however, will approach 0° for a negative power coefficient
and -180° for a positive coefficient. Using this information to analyze Figures 3
and 4, it is seen that all amplitudes are, as expected and in confirmation of
theory, approaching a constant level in the low frequency region. Similarly,

the phase curves indicate that very little positive feedback effect has occurred
for any but the 18.5 Mwt run. Even here, long before the positive feedback ef-

fect would become noticeable, the curves would project into a region where peri-

ods are of the order of hours.

C. POWER COEFFICIENT COMPONENT MEASUREMENT

In order to fully understand the mechanism by which the reactor responds
to the stimulus of a change in reactivity, it is not only necessary to know the
overall reactor frequency response, it is also necessary to know the responses
of the individual components as set forth in Equation 3. This equation is based
upon the concept of the lumped-parameter model for the frequency dependent
components, and the unrealistic concept of the isothermal reactor for the temper-

ature coefficients.

Derivation of the lumped-parameter model transfer functions for the fuel,
coolant and moderator are described in detail in Appendix B. The resultant
equations for each are given by equations B-15, B-17, and B-28 respectively.
These equations indicate that all three equations may be reduced to a single
time-constant system — with an appropriate gain — for simple analysis of the

experimentally determined frequency response curves.

NAA-SR-3763
9



Of the three frequency dependent parameters, only one was measured to a
satisfactory degree of accuracy. This one was the fuel term nOS Tf/Sn (jw)

which is shown in Figure 6. Solutionof Equation B-17 indicated that the coolant

50
40
< 30 -40
(o]

e | v
a W
"U 0
z 10 80T
g JANUARY 1959

STANDARD FUEL ELEMENT
0 FLOW 1425 gpm

POWER 14.5 Mw -100

REACTOR FUEL CHANNEL No.9

c = 4.8 sec
T;c = 1.8 sec (thermocouple)
-140

0.00I 0.0l 0.l

FREQUENCY (cps)

Figure 6. Measured SRE Fuel Transfer Function Including
Thermocouple Time-Constant

term nOS TC/Sn (jw) is so closelycoupled tothe fuel as to have essentially the
same dominant time-constant with a slight reduction of gain. Since the gain
reduction is easily determined, it was deemed unnecessary to measure the com-
plete coolant frequency response. The determination of a few experimental
points substantiated this conclusion. Accurate determination of the moderator
term nOS Tm/Sn(jw) by direct frequency response measurement was not possi-
ble because the break-frequency occurred in too low a region to be measured.

Special analytical methods which are explained in Section III were employed to

calculate the moderator effects.

NAA-SR-3763
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Direct measurement of the isothermal temperature coefficients is not
possible by reactor oscillation. If all of the oscillation data were of sufficient
accuracy, the three frequency dependent terms could be eliminated by obtaining
their value through direct oscillation measurement, and the isothermal temper-
ature coefficients determined through solution of simultaneous equations. Since
the frequency responses were not all clearly defined by oscillation, the employ-

ment of several other experimental and analytical techniques was required to

complete the separation of parameters. Since these were quite involved, they

are explained in detail in Appendix D.
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Ill. INTERPRETATION OF MEASURED CURVES

A. THE POWER COEFFICIENT

n
Determination of the normalized power-c:oefficien'c—o H(jw) is accomplished

through use of the plots of Figures 3 and 4 as indicated for the solution of Equa-
tion 4. The inverse of the complex at-power reactor frequency response is sub-
tracted from the inverse of the complex zero-power reactor frequency response
for specific frequencies and power conditions and the resultant values plotted as
the smoothed curves of Figures 7 and 8. These measured power coefficientsare
actual space dependent responses and are not to be confused with the approximate
equation for the lumped-parameter model of equation 3. Nevertheless, a com-
parison between this response and that for the lumped-parameter model is very

helpful in the work of separating parameters.

The amplitudes of the curves in these figures are plotted with respect to
negative feedback, i.e., — H(jw). If only negative feedback were present, the
amplitude would approach a constant as the frequency approached zero. If posi-
tive feedback was dominant at very low frequencies the amplitude would approach
a new and smaller value which would be determined by the difference between the
negative and positive feedback gains, while the phase would approach plus 180°
as the frequency approached zero. This effect can be seen in the 18.5 Mwt and

the 14.5 Mwt full flow curves of Figure 7.

As stated previously, the only negative quantity in the lumped-parameter
power-coefficient equations was the isothermal fuel-temperature coefficient of
reactivity. It also was noted that the frequency responses of the fuel and coolant
were closely coupled and responded to a considerably higher frequency than the
moderator. It therefore can be concluded that the positive effect noted can be

identified with the moderator-dependent power-coefficient term.

By trial and error fitting of the simplified forms of the derived Equations
B-19 and B-28 to the curves, it was observed that the amplitude curves could be
fitted to the lumped-parameter model equations, but that the phase shift was too
great. This observation, however, is in complete accord with calculated com-
parisons between lumped and distributed parameter models. From these manip-

ulations the dominant time-constant for the fuel and sodium was determined to
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be about 9 seconds for the full flow con-

dition of Figure 7, and to vary from 9

-0.3 to possibly 28 seconds at the lower flow

rates shown in Figure 8.

The indicated dominant time-con-

w
2
c
8
(2]
]
E
=
-
z
3
2 stant for the moderator, as obtained by
S _CONSTANT AT,
o 02 |, | 335°F 11 similar trial and error manipulation on
z
< e ]JCOBRBEO“AFT the curves of Figure 7, was about 600
g ‘/l/)MCONSTANT FLOW seconds. Figure 9 was obtained by
o 1400gpm
= plotting the zero frequency values of
i
Z ol gain, which were obtained during curve
§ fittings of the combined fuel and coolant
W lumped-parameter power coefficient
3 terms. This figure is described as the
= contribution of the fuel and coolantterms
olm o0
< 0 4 8 12 6 20 oo to the steady-state power coefficient.
REACTOR POWER (Mwt) H(jo) is called the steady-state power
coefficient. Now, since this portion of
Figure 9. Normalized Power the power-coefficient contributes toneg-
Coefficient Due to SRE Fuel
and Coolant ative feedback, and since its maximum

time-constant is about 28 seconds, as
compared to the minimum time-constant of 600 seconds for the positive feedback
contribution of the graphite, the reactor, for all conceivable operating conditions,
may be considered quite stable as long as the physical parameters arenotchanged

too drastically.

Figures 7 and 8 do not indicate much of the graphite response. For deter-
mining the contribution of graphite to the total power-coefficient, or, in fact, the
determination of the total coefficient itself, other information in addition to that

obtained by oscillation, and the use of Equation 3 will have to be employed.

B. DETERMINATION OF THE POWER-COEFFICIENT COMPONENT PARA-
METERS

In Figure 6, page 10, a plot of the fuel temperature response for a specific

reactor condition was shown. If Equation B-15 is solved for this same condition

NAA-SR-3763
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and the best known constants used, the zero frequency gain would be 187°F and
the time constants would be 4.7 and 0.35 seconds. The 0.35-second term would

be approximately cancelled by a 0.42-second term in the numerator. The remain-
ing 4.7-second time-constant corresponds very well with the measured time con-
stant of 4.8 seconds of Figure 6. This, however, is a measured one-lumped

time constant for actual point of measurement only, and is not the same as that
for the distributed reactor since that time constant is affected by the coupled
effects of the various distributed parameters and is thus somewhat longer. The
distributed-system time constant for the same condition was indicated as about

9 seconds from Figure 7. When, from Figure 6, the observed thermocouple-
position node-gain of about 270°F is transposed to the average gain of the reactor,

the resultant gain is 182°F, which com-

LB 1 % - pares very well with the calculated gain
of 187°F.
300 MEASURED FROM |
CENTER OF PERIPHERAL
o T The zero-frequency gain for the
R . .
ONE STt y above described run—and for all of the
Ve
z7 .
r runs—is plotted as o er
L CONSTANT AT othe is plott as the two upp
v OT=335°F ; ; .
200 , L 7 curves in Figure 10. The approximate
/
L # g CONSTANT FLOW . .
_ 7 77 1400 gpm degree of accuracy is shown. Since
o | ’
= L’ , / these measurements were made at a
/
/
/ / s re . . .
e e / specific point in the reactor, and, since
o | 7/
Ve . . .
100 —< _/ﬁé(AVERAGE VALUE OBTAINED Equation 3 requires the volumetric av-
.7 / FROM MEASURED VALUE)
s erage value of the temperature change,
/
P these curves had to be corrected by com-
’
£ aring the temperature distribution in
//
ol . . L the fuel, as distributed throughout the
0O 2 4 6 8 10 12 14 16 18 20
REACTOR POWER (Mwt) reactor, with that at the point of meas-

Figure 10. Measured Zero Frequency urement. These averages are shownas
Fuel f
uel Respange ai the SR the two dotted curves in Figure 10, and

are used in Equation 3 for the steady-state reactor parameter analysis.

The corresponding average change in the coolant temperature was deter-
mined as shown in Appendix C and illustrated in Figure C-1 for use as the gain

ratio between fuel and coolant.
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Determination of the curves
for the moderator temperature

/ change, plotted in Figure 11,

was not so simple because of

150
the inability to make measure-
ments at frequencies as low
e | consTANT as the moderator break fre-
\\3 / al 35|5°F quencies. The break point for
S 100 : /—~CONSTANT FLOW— the graphite-moderator tem-
= 1400 gpm

perature response occurs at

STm
0 sn

such a low frequency that the
visual method of analysis had
to be employed for all of the

50 o
// measured points. Also reac-

tor power drift became such

/ a problem at very low fre-
quencies that it was rarely
0 possible to take accurate
0 4 8 12 16 20

REACTOR POWER (Mwt) measurements at less than
Figure 11. Measured Zero Frequency G001 Eps.
Moderator Response of the SRE In Section III-A, it was
shown that for two of the runs it was possible to obtain a close approximation of
the time-constant, and to separate the combined gain of the two moderator terms
from those of the fuel and coolant. With this information, and the additional sep-
arate measurements of the isothermal temperature-coefficient described in Ap-
pendix D, it was possible to approximate the break frequencies and gains for the
frequency-dependent function. The curves were extrapolated through the meas-
ured points with the assistance of repeated trial and error solutions of Equation
B-28. The trial and error procedure consisted of varying uncertain parameters
(primarily thermal resistance) in the equationuntil the resultant amplitude formed
the best approximation to the measured values, andthe time-constants approached
the region of 600 seconds as indicated by the two measured points. This pro-

cedure was considered valid, since, in the case of the fuel, the calculated ampli-

tudes had been very close to those measured.
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At this point it can be seen by referring to Equation 3 that all of the compo-
nents are known except the isothermal temperature-coefficients of reactivity.
One point has been measured for the moderator isothermal temperature-coeffi-
cient, and, since a is known to be temperature dependent (whereas a, and a.
are approximately independent of temperature), a curve was extrapolated as
shown in Appendix D. Now, with only af and ac unknown, these two can be deter-
mined by finding the quantities which give the best fit of Equation 3 to the six runs
as plotted in Figures 7, 8, and 9. This procedure is given in greater detail in

Appendix D, and the isothemal temperature coefficients are plotted in Figure D-1.

Finally, the plotted points in Figures 10, 11, C-1, and D-1 are used in

Equation 3 to obtain the plotted approximate steady-state power-coefficient of

Figure 12.
0. 12 T T T T T T T T
516 CONSTANT FLOW=1400 gpm
: L CORE AT=0 TO 335°F
0.08 T, 5200 685°F  {TORO ng<20Mui
0.06 ——
0.04 A ——
0.02 >
+ ——
5. [T~ ===
= MM i
O 04 m m “lr -:éa%::n_
\ L
0.06 A e
| I I == =
0.08 I BARS AND SHADED AREAS SHOW ~<
0.10 UNCERTAINTY OF MEASUREMENT S
\ AND UNCERTAINTY OF EXTRAPOLATION S
0.12 \CONSTANT AT = 335°F
Te=685°F
R I Y O

Ol 2 34 5 6 7 8 9 1011121314 1516 17 18 |19 20 21 22 23 2425
REACTOR POWER(Mwt)

Figure 12. Overall Normalized Power Coefficient
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IV. SUMMARY AND CONCLUSIONS

A. SUMMARY

Since many items of information have been derived in various portions of the

report, a composite picture is not easily grasped. For this reason the summary

will take the form of an itemized grouping of the most important quantities.

1. Steady-State Power Coefficients with Power Expressed in Megawatts

(Ap = Hy An)

a) The fast-response portion which depends on the response of the fuel

and sodium coolant

o
H = -1.24x 10 " = 10% per Mwt (for constant flow of 1400 gpm)

H__ = -<1n_3 " 0.88> x 10™% + 20% per Mwt (for constant AT of 335°F)

n_ = initial power in Mwt.
b) Overall-power coefficient (not including xenon effects)

H
ss

<n_3 _0,37> x 10"4 + 50% per Mwt (for constant flow of 1400 gpm)
o

3.5 ue O
Hss = . - +50% per Mwt (for constant AT of 335°F)
o

The first equation is only an approximation of the corresponding curve in Figure
12. The large, 50% uncertanity is a result of the very small difference between
the two large component contributions: (1) that due to fuel and sodium, and (2)

that due to graphite, with the greater uncertainty lying with the graphite.

NAA-SR-3763
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2. Isothermal Temperature-Coefficient

a) For fuel

2= “1.1 % 10'5 + 10%/°F

b) For coolant

5

@ = +0.3x 10~ £ 30%/°F

c) For moderator

a_ for the moderator varies with average coolant

temperature. For values, refer to Figure D-1.

3. Simplified Component Transfer Functions

In general, the transfer functions derived in Appendix A may be reduced
to a gain and a single lag term if the dominanttime constants and gains are known.
The gain factors (K) for the respective responses are obtained from Figures 10,

11, and C-1 (Appendix C) for use in the following general expression:

3T, .\ - __K
0 8a®™) T T s

(Where T, K, and T are for fuel, moderator or coolant)

a) The distributed-parameter, coolant-coupled, fuel-response time con-
stant at a constant flow of 1400 gpm is 9 = 2 seconds, and that for a
constant AT across the core of 335°F is 28 to 9 seconds = 15% for

powers from 5 to 20 Mwt respectively.

b) The moderator at 1400 gpm coolant flow has a dominant time constant
of 600 seconds * 10%, whereas the moderator with a constant core AT
of 335°F has a dominant time constant of 800 to 600 seconds * 10% for

powers from 5 to 20 Mwt.
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c)

The coolant has the same coupled response time as the fuel. (See
Appendix B) All experimentally determined transient and steady-
state equations agreed with the theoretically derived, lumped-para-
meter equation within 20%, when only the gain and time response was
considered. The measured and theoretical phase shifts in the tran-

sient equation, as had been predicted by distributed-parameter theory,

did not correspond.

2
4. Overall-Coefficient of Heat Transfer (Btu/hr-ft -°F)

a)

b)

Moderator to coolant. U = 180 = 20% for both center and outer chan-
nels. Individual center channels may vary as much as 300% due to the

wide variation in helium gaps between the processtube andthe graphite.

Fuel to coolant. U = 1000 + 10% for the reactor condition of January

1959,

B. CONCLUSIONS

The first conclusion which may be drawn from this report is that the oscil-

lation technique, when used in conjunction with correlation methods of measure-

ment, affordsan excellent method of reactor analysis. Specific conclusions from

the experiment indicate that:

1)

2)

Excellent frequency-response measurements may be obtained even

though the oscillation equipment does not generate a perfect sine wave.

The amplitude of power deviation is not as critical as has sometimes
been reported from theoretical calculations. As much as 6% peak-to-
peak deviation in power was used at the low frequencies, for various
power levels, without noticeable distortion, and as much as 30% de-
viation at zero power gave a response which coincided with the theo-

retical transfer function.

The absolute stability of the reactor could be readily determined with-
out dependence upon any theoretical model or any knowledge of system
parameters.

The specific parameters for the one-lumped model, power-coefficient
terms, were separable and could be made available for any desired
analytical purpose.
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5) From observation of the control rod differential worth changes shown
in Figure 5, the oscillation technique could be used for control rod

ca.libra’cions4 at power.

The SRE was seen to be very stable as a resultofitslarge, relatively prompt,
negative power coefficient. The positive contribution from the graphite is so
sluggish in response to changes in reactivity that it takes of the order of three
quarters of anhour to reach equilibrium, and thus may be easily controlled. With
respect to time response, the control problem compares to that of controlling
Xenon buildup anddecay, but in actuality is much less critical because the rela-
tive magnitude of any net positive coefficient is very much smaller than the xenon
effects. Since the positive and negative coefficients are of the same order of
magnitude, they tend to almost cancel each other at equilibrium for any power

level or mode of operation.
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APPENDIX A
NOMENCLATURE

zero-power reactor transfer function

at-power reactor transfer function

temperature and power feedback transfer function

small sinusoidal change in reactivity

small sinusoidal change in power about the average power
average power level in Btu/sec unless noted as megawatts
average sinusoidal change in fuel temperature

average sinusoidal change in coolant temperature

average sinusoidal change in moderator temperature

o7} o
Hifs

temperature

>
e

»
Al

S5p
3T
m

prompt neutron lifetime (sec)
effective fraction of delayed neutrons in the ith group

6
total effective fraction of delayed neutrons [3 =) Bi
i=1

decay constant for the delayed neutrons in the ith group
Laplace operator: equals jw for frequency response analysis

el

frequency (rad/sec)

NAA-SR-3763
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APPENDIX B

DERIVATION OF TRANSFER FUNCTIONS FOR CHANGE IN FUEL, COOLANT, AND
MODERATOR AVERAGE TEMPERATURES WITH RESPECT TO A CHANGE IN POWER

The time dependent portions of the power coefficient are derived in this sec-
tion for the linearized and normalized lumped parameter reactor heat transfer

model.

The specifically desired transfer functions are

. STC STm
W(S) =Gcn(S), B—n(S):Gcn(S) So (s) =G, (s).

Q
—~
O]
S
I

transfer function (subscripts denote the output and input variables)
T = average temperature

Subscripts f = fuel
n = power
c = coolant (sodium)
m = moderator

(mcf) = moderator and fuel channel
(mm) = moderator channel

S denotes a small change in variable

K = a constant (subscripts denote relation)
T = time constant (sec)
F = primary sodium flow (lb/sec)
n = average power level (Btu/sec)
Cp = heat capacity (Btu/lb- °F)
K eareailE™s
U = overall heat transfer coefficient (Btu/hr—ftz- °F)
W = mass (pounds)
= reactivity
P = fractional power generation
Appendix NAA-SR-3763
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Qa

isothermal temperature coefficient of reactivity =

ooloo
Hl™

H(s) = power coefficient, feedback transfer function

The basic heat balance equations (after linearizing for small signal changes

about a constant level and converting to Laplace notation) are

(WCp) fSSTf(S) = Pf Sno(s) = (UA)f [STf(s) - STCf(s)] , ...(B-1)
where
_ 28T (V)AV
ST, = (V = volume)
£ SAV

(s)

(ch)cfs STCf(s) (UA); [BTf(s) - Sfcf(s)] - (F‘Cp)c [STout

. Sf_rin]+ (UA)_ [STmf(s) . S_T‘Cf(s)] . ... (B-2)

wcC _ P dn (s) (AU) _ (AU) _ . —
1+ Bl s 87 _ia)e—=2 . 4 BUE g == S L B-3)
AU | m (AU) (AU),, ©m (AU)p, cf
WC) sOT__(s) = (au)_ 8T _(s)- (AU)__8T__ - 2(FC ) - 1 )
... (B-4)

The last term in B-4 was obtained by using the first of two assumptions that:

_ e L . T
(1) T. 1is held constant and T = .
in Cc
then
28T (s) = 8T (s) + 0; ... (B-5)
NAA-SR-3763 Appendix
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and

(2) S_f‘m(s) = 0 with respect to Sfcf(s) for the frequency

region of interest in this derivation.

Clear Equation B-1 to obtain

wC s P il i
<_—EUA>f s STf(s) = ﬁ>f8no(s) - BTf(s) + STCf(s) ...(B-6)
WCp
< AU>f: Tf ... (B-T7)
P = =
<—U—A>f = Kf . (B-8)
(Tps + 1) aﬁf(s):Kf8n0+8TCf(s) . ... (B-9)

Clear Equation B-2 using the two assumptions given in B-5: then Equation B-2

becomes

[(chp) s+ (UA) + 2 FC) + UAmeJ Sch(s) - (UA)fBEf(s) ... (B-10)
_ Boe =
STCf(s)= T TmeS)STf(s) <+« [(B-11)
(UA),
K_ = . (B-12)
i (UA)f + 2( FCP) N + (UA)mef
_ (WCP) cf
Tmef = A 2 - (B-13)
(UA) + (FCp) ) + (U)ot
Appendix NAA-SR-3763
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SEfm)
d n(s)

is used to determine the feedback effects for a change in reactivity,

where

5p(s) 8T (s)

... (B-14)

dn(s) = % dn(s)

The contribution of the change in the average temperature to a change in
reactivity must be flux weighted3 in the lumped model by a proportionality factor
y. At any point in the reactor, the change in reactivity is proportional to the
product of the temperature coefficient of reactivity and the square of the local

flux multiplied by the change in temperature (Refer to Appendix C).

Substituting Equation B-11 into B-8, and using the weighting factor y:

ST (s) 1 -K
4 L = 22 : ... (B-15)
on (s) Tf Tmef 2 Tf * Tmecf 1
— . §% p ——————= 5 +
(s oY)

The effect of fuel and coolant temperature changes upon reactivity are so
closely coupled with respect to their response times as to warrant simultaneous
consideration. The relatively prompt reactivity effects of the two may be stated

as:

BT (s) 8T gs)

H(S): af)’fm—)+ ac)’csn—(s) 5 (B—16)

where weights the fuel temperature and weilghts the coolant temperature.
)’f g P )’C g P

(@, is a negative quantity and OC is a positive quantity for the SRE.)

f

NAA-SR-3763 Appendix
26



g iy id St
STCf(s) STCf(s) ng(s) 1-K .

Ba(s) 8T (s) ~ Bm(s) (L+ Tys)(l+ Tps)

where

2
g el S i 1 : Tmcf) + x/( i : E Tmcf) i s Tmcf
1 T 4(1 -K.?2 (1-Kg

The contribution to H(s) from fuel and coolant temperature changes is

)/af Kf <l + )/c ac ch> 14 Tmcf
(- ch) afy 1+ Ve U Kot
afy

(I + Tls)(l + Tzs)
The contribution to H(s) from the moderator is given by

S?m(s)

From Equation B-2,

(AU), (AU)_ . _
T 3T
o K f m
mcf mcf
8ch = ’
(1+Tmcfs) (1+Tmcfs)
where
chf = (AU)f + (AU)mcf +2 (FCP)Cf
Appendix NAA-SR-3763
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Similarly,

_ K mSTm
ST St e e 5 ... (B-23)
cm (1+ v _s)
cm
where
(WC_)
B, =T b ... (B-24)
U + 2(FC
(AU),, +2(FC)) __
and

(AU)
K = mm ... (B-25)
cm  (AU)yym + 2 (FCp) cm
By substituting in Equation B-3 and by using the following notations
Pm
Km:-——— ... (B-26)
(AU)_
and
(WC.)
T ek H , .. (B-27)
m (AU)m
NAA-SR-3763 Appendix
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the resultant equation becomes

8Tm(s) 1 K_(1+ Tcms)(1+Tmes)
i 2
S cn + 4 s+1_ s+ 1—(AU)mmK°m- (AU) met
( Tm %em T-mcf)S (TmTcm Tm mecf Tcmecf) Tm (AU), (AU) Kot
K
(AU)fI—K (1 + chs)(l + Tcms)
% cf
3 5 (AU) K em (AU)chﬂll w4 ;
1- - + +17,8
(T TemTmet)® " (TmTem ™ TmTmet t Tcmecf)s BT B (AU)m (AU)mech\ 2 2

... (B-28)

The first part of Equation B-28 is the contribution from the moderator cool-

ant channel, and the second part is the contribution from the fuel coolant channel.

For use in Equation B-20, Equation B-28 was solved and reduced to its

simplest dominant form,

8p(s) _ m T = H(s)

dn(s) :(1 + Ts) ’ ... (B-29)

where @ s Y K, and Tare dependent upon the specific reactor power level,

coolant flow, and average temperature.
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APPENDIX C
TEMPERATURE WEIGHTING FACTORS

A. DERIVATION AND COMPUTATION OF FUEL, COOLANT, AND MODERA-
TOR TEMPERATURE WEIGHTING FACTORS
The reactivity effect of a given localized physical change in a reactor core
parameter will be proportional to the square of the flux (one-group theory), or

to the product of the flux times the adjoint flux (two-group theory).

When the power of the SRE is oscillated, the resulting temperature changes
in the fuel and moderator vary in a manner which is dependent upon their loca-
tion in the core. The temperature change in the SRE coolant varies only with
its axial position in the core, since all channels are orificed for the same tem-
perature rise. Furthermore, in the case of the moderator, the effect of a given
temperature change on reactivity also depends on the average temperature of the
moderator at that location. For these reasons it is necessary to properly inte-
grate over the active core in order to determine the total reactivity change caused

by a given change in power and temperature.

The total change in reactivity due to fuel, coolant, or moderator tempera-

ture changes — which vary with core position — can be expressed as follows:

f a(v) AT (V)% (v) dv
v

_/' & (v)dv

/|

Sp =

where

8,0 = total reactivity change
a(v) = temperature coefficient of reactivity in particular volume element
Av at core location (v)
AT(v)
P (v)

Although Equation C-1 gives the total change in reactivity, it does not ex-

differential temperature change at core location (v)

1

neutron flux at core location (v).

plicitly give the desired weighting factor, y, nor does it contain the average

temperature change (AE ). This is obtained by adjusting the temperature change
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measured during the oscillation experiment at a specific location in the core.

Because Equation C-1 does not contain the isothermal temperature coefficient of
reactivity a. ,» & more appropriate equation will now be derived. It will be ex-
pressed in cylindrical coordinates, and the flux will be separated into radial and

axial factors. The equation for the fuel weighting factor will be derived first.

The equation for the reactivity change due to a temperature change in fuel

may be expressed as follows:

f/a {r,z} AT (r,z)gi)‘2 4)2 2rrdrdz
f £ r 'z
Sp - 2L IO o 5.

f
22
'/;/l:qbr qbz 27mrdrdz

The total change in fuel temperature may be expressed as the sum of two
terms. The first term is the change due to flux or power generation in the fuel
slug and the second term, the change due to the surrounding coolant temperature
change. Thus, the change in fuel temperature at any location in the core may be

expressed as

and
. Pp(r)p(2) .
ATf(r,z) = ATf¢::——+ 2AT (r,z) , .C-3
¢ ¢
r’z
where
- AT
BT =i
¢ 2
z = axial length of the core

ATf(r,z) = total temperature change in fuel as a function of (r,z)
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AT = average temperature change in fuel measured at average flux loca-

tion in core and adjusted for localized flux distribution in fuel cluster
z) = fuel temperature coefficient of reactivity
¢ (r) = radial flux
¢ (z) = axial flux
$r = average radial flux

¢, = average axial flux

dr,dz = radial and axial differential elements

AT (r,z) = coolant temperature change as a function of (r,z)

N ATou.t
ATC = average coolant temperature change == where ATin =0
C(r,z) = Crcz = normalized coolant-channel temperature distribution. Be-

cause of coolant channel orificing C(r,z) is a function only

of z and thus, Cr =1,

Substituting the expression C-3 for ATf(r,z) into Equation C-2, and rear-

ranging, gives the following expression:

Z Y= — 2 ;2
@, /'/[ —(r?)—(z)Aqu')Jr ZATCCrCZ:lq‘)rqbZZm‘drdz
8 Xz ¢r¢z
sz

b5 5

where
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Since df, the isothermal temperature coefficient of reactivity, is not a func-

tion of temperature or composition, it may be taken outside the integral sign.

The next step involves the replacement of the integrals with summation signs

and the use of normalized temperature expressions:

2 =
AT qu ¢ d) Z7TrAr &cf)zAz. s ATC g ¢227rrAri > qsz'é_zl
¢‘Z ZAZJ. = rPr 2Pz 5 A

4) ZZWrAr

£ 227mrAr, Z,
" o
Spf Ll i J
2
T e
.C-5
Equation C-5 may be written in a more simple form:
wullme, - SEm _
3p, = QAT | =LA, +——B,| =a.AT_y, , .C-6
f : S ATf 1 ATf 1 £ £7%

where the expression in the brackets is the desired weighting function for the

fuel,

The total expression for the coolant can be shown to be only the last term
in the above equation, or

A’D - aC ' ATCBl - QCATC)/C

o) b

where ATf has been removed.

The expression for the moderator is similar to that for fuel, except am
must be placed inside the summation signs since its value depends on the tem-
perature of the volume element under consideration. In this case, am can be
expressed as amra (z), where amr =1 and amz(z) is determined by the value

mz
of = . at the temperature which exists at an axial position Z.
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The complete expression for S’Om is as follows:

3p = : —
2
ér

== 2 Az.
a AT ATmé ir¢za ZTrrAri ﬁ‘#l a_n_w,_z_ Azj +2 ATx‘nc c amr¢r ZﬂrAri c amz¢2 J
m m| A 2 Tr mr - Tz — o= £ z — z
ATm qu E:ZWrAri qbz amZAZj ATm ZZ‘lTrAri @, ?Azj
- - J ;
i 1 ]

N NV

S

_ A—de) AT .
S = q AT |—2FA +—2CEg | -4 AT
Pm wmom AT 2 AT

Although the expressions appear formidable, the calculations of Yer Ve and

Vi, = the desired weighting functions — may be performed by hand in a few hours.
To obtain the values of A , B A,, and B the shape of the radial and axial
1° 10 20 2 P

fluxes must be known. Their actual magnitudes are unimportant since it is only

necessary to normalize their values to unity at the center of the core.

Figures C-1 and C-2 are plots of the axial and radial fluxes in the SRE core.
Figures C-3 and C-4 give the values for CZ(Z) and czmz(z) as needed to calculate

the weighting functions.

B. CALCULATION AND MEASUREMENT OF AVERAGE TEMPERATURES

To complete the calculation of the weighting functions for fuel, coolant, and

moderator, it is necessary to obtain the proper values for the following tempera-

ture terms:

Angb ATC AquS ATC
— P y — , and —
ATf AT, AT AT
f m m
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The value for A_qub may be obtained from the equation
Power (Btu) = I—JA(&ff¢) s

where

>
1

total fuel surface area,

and

al
I

average overall heat transfer coefficient; this takes into account:

(1) heat transfer coefficients, (2) thickness and conductivity of stain-
less steel cladding, (3) NaK bond, and (4) appropriate constants for
the uranium fuel slug that take into account flux distribution in indi-

vidual fuel rods.

Power generated in the fuel is 0.91 of total reactor power. Nine percent of
the SRE power is considered to be generated in the moderator because of neutron

thermalization and gamma absorption.

- e T, ¢ t i AT ¢
AT may be obtained as AT = el m o =
C c ?
2 2
where ATout is the total change in coolant temperature. It is calculated as
follows:
= A
PBtu CF Tc ,
where
C = specific heat of sodium coolant,
F = flow rate of coolant,
ATC = total temperature rise of coolant.
Appendix NAA-SR-3763
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Thus we obtain for the sum of the two terms
ATf = AquS + ATC

It should be noted that A_Tf is the temperature change measured at a location in
the core where ¢r¢z :$r$z and where ¢>r and d)z are taken from the flux plots

shown in Figures C-1 and C-2.

Since the thermocouple used in the experiments was at the center of the slug,
it was also necessary to adjust the measured temperature change. This allowed
for local flux distribution in the fuel element cluster so that it would match the
value expected at the point of average local flux in the fuel element cluster. It
is also possible to plot normalized curves A—TfCP/A—Tf and A—TC/A—Tf and these are
shown in Figures C-5 and C-6.

Figure C-7 gives the calculated values for A and B as obtained from the use

of the different axial and radial flux distributions.

The weighting factor for fuel, Y g from equation C-6 is calculated as follows:

AT AT
),f:—__éf Al 'l'_C:Bl
ATf ATf

Substitution for the above quantities, using values from Figures C-5, C-6,
and C-7, gives values of approximately unity for Y¢ for both the 1400 gpm and
the 320°AT case.

From similar calculations, Ve is approximately 1.0; Y m is approximately

0.82, where

|

—m%.0.09 ,
AT
m
and
5T
———=0.91 ;
AT
m
NAA-SR-3763 Appendix

40



A2 = 1.25 and B2 = 0.77.

Calculated values for AZ and BZ are shown in Figure C-8.

Although the values for Yer Ve and Y 2T€ dependent on the flux distribu-
tion used, the above values are sufficiently accurate for use in calculating the

temperature coefficients of reactivity.
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APPENDIX D
DETERMINATION OF ISOTHERMAL TEMPERATURE COEFFICIENTS OF REACTIVITY

Determination of the predominant isothermal temperature coefficients of
reactivity by oscillation measurements is possible in theory. The desired co-
efficients could be determined by this technique if the break frequencies of each
of the dominant feedback terms listed in Appendix B occurred in a measurable
range of frequencies, with each break frequency separated by at least one dec-

ade, and if the oscillator equipment was such as to allow very accurate measure-

>
ments. In the SRE these conditions were not all satisfied. The thermal break
frequency of the moderator temperature response occurred below measurement
capability. Thus, a the moderator temperature coefficient, could not be de-
termined directly through oscillation. af and QC, the fuel and coolant coefficients,

could only be approximated separately since their break frequencies were very

close together.

The overall isothermal temperature coefficient of reactivity and some of the
individual coefficients were measured during the initial phases of SRE operation.
Measurements of the individual coefficients are somewhat in doubt, but the over-
all coefficient measurements are considered to be fairly good, and are in agree-
ment with the sum of the individual coefficients obtained during the oscillation

tests.

The overall temperature coefficient of reactivity measurement for the SRE
was reported6 and has been reproduced in this report as a part of Figure D-1.
As a check on the general magnitudes of the individual coefficients, two short

experiments were conducted.

The first experiment was designed to measure a - A negative step-change
of reactivity was made at a power level of 14.5 Mwt, and an average coolant
temperature of 675°F. The change in moderator temperature was measured at
a point considered to give an average temperature change. After 1400 seconds
the moderator temperature had changed 6.2°F. The reactor was then returned
to the original power, and the original fuel and coolant temperatures. These

responses were fast enough that the moderator temperature did not change
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during this interval. The subsequent difference in shim-rod position indicated
a change in reactivity of minus 8.0 x 10-'5 as a result of the negative temperature
change of 6.2°F in the moderator. The value obtained for a  atan average

coolant temperature of 675°F was thus

-5
~-8.0x 107" _ B e
am———°—_6.2——— 1.3X10 / F ...(D—l)

Figure D-1 shows this point, and the extrapolated curve for other average cool-
ant temperatures, as indicated by the measured overall temperature coefficient

curve. This coefficient is a function of the average coolant temperature.

The second experiment was designed as a step response method of checking
the (1f and ac which were determined by oscillation measurements. Since the
fuel and coolant time responses were so closely coupled, it was necessary to
measure the response of the sum of the two coefficients. With the reactor oper-
ating at a power of 5.25 Mwt, the flow at 1330 gpm, and a temperature rise
across the core of 100°F, the flow was quickly changed to 1120 gpm while the
power was held constant by the automatic flux controller. The observed changes

were:

Fuel temperature change ~30°F (as measured by three thermocouples
located in the first and second fuel ring from the center, and 6 to 20

inches above the center of the core).
Average coolant temperature change = -19°F

Change in No. 3 shim rod position = -0.48 inches (from 48 inches to

48.48 inches out).
The resultant calculations follow:

Average change in fuel temperature

30°F/1.3 = 23°F (corrected for point of measurement).

Total change in reactivity

Ap = 0.48in. x 16 rev/in. x 2.46x107° Ap/rev=1.9x 107% .

...(D-2)
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Isothermal temperature coefficients as determined by the oscillation method

are:
=-1.1 '
a, = -1. x 10 TF°F,

g ® +0.3 x 10‘5/°F;

where both are approximately independent of average coolant temperature.

Solution for Ap:

Ap = a ATf+ a_ ATC

Ap=(-1.1x 23+ 0.3x19) 107° = 1.96 x 107 %, ...(D-3)
The results obtained in Equations D-2 and D-3 show excellent agreement between
the observed change in reactivity from shim-rod movement and the calculated
effect using the isothermal temperature coefficients of reactivity determined by
oscillation measurements. Figure D-1 also shows that the sum of the three
measured coefficient values falls very close to the measured overall temperature

coefficient value of 0.55 x 10-5/°F for an average reactor temperature of 675°F.

5

a + a.+a =atotal = (1.3-1.1 + 0.3) 10"2 = 0.5 x 10" °/°F
m f o

Because of this agreement, confidence was felt in extrapolating the moderator
temperature coefficient curve. Subsequent results of usage in the equation of

Appendix B justified the assumed shape of the curve.
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