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ABSTRACT

Two on-site reactor kinetics simulators were developed for training
operators of the Molten-Salt Reactor Experiment (MSRE) in nuclear startup
and power-level operating procedures. Both simulators were set up on
general purpose, portable Electronic Associates, Inc., TR-10 analog com-
% puters and were connected to the reactor control and instrumentation

system.

The training program wag successfully completed. Also, the reactor
control and instrumentation system, the operating procedures, and the rod
and radiator-~door drives were checked out. Some minor modifications were
made to the system as a result of the experience with these simulators.
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1. INTRODUCTION

Two reactor kinetics simulators were developed for training operators
of the Molten-Salt Reactor Experiment (MSRE) in nuclear startup and power-
level operation procedures. Both simulators were installed at the reactor
site, and were connected to the reactor instrumentation and controls system.
The operators were trained in startup, or zero power, operation with the
similator in February 1965 and in power-level operation in October 1965.

Both simulators were set up on general purpose, portable Electronic
Associates, Inc., TR-10 analog computers (borrowed from the Instrumentation
and Controls Division analog computer pool). No special hardware (other
than the computers) was required. Although most of the simulation tech-
niques were straightforward, a few special techniques were devised.

This report describes the two simulators.
2. STARTUP (ZERO POWER) SIMULATOR

The startup simulator, set up on one Tg-lo analog computer (Fig. 1),
computed the reactor neutron level from 10™ w to 1.5 Mw as a function of
control-rod-induced reactivity perturbations. The effect of nuclear power
on system temperatures was not included.
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Fig. 1. Diagram of Startup Simulator.



The inputs to the simulator were signals indicating the actual
positions of the control rods, and the outputs (indicated on the reactor
instrumentation) were log count rate, period, log power, and linear power.

The linear flux-range input signal was taken from the selector switch
on the reactor console. The fission-chamber position readout was provided
by a meter mounted on the console. The fisiion chamber is the detector
for the wide-range counting channel system. The chamber position is
servo-controlled to give a constant output signal, and the chamber posi-
tion is related to the log of the nuclear power. The period interlocks
and the flux control system were also used.

The operators practiced the approach-to-critical experiment (in which
plots of inverse count rate vs rod position are used to extrapolate to the
critical rod position) and rod-bump experiments for calculating differential
rod-reactivity worth from measurements of stable reactor period. The
simulator was also used to check out the flux servo controller.

Rod position signals were obtained from the three potentiometers nor-
mally used by the MSRE computer. The "S" curve relating rod worth and
position was approximated for the regulating rod by a diode function gen-
erator (Fig. 2). The rod worth vs position relationship for the other
two rods was linear.

15.E. Beall et al., MSRE Design and Operations Report, Part V, Reactor
Safety Analysis Report, ORNL-TM-T32 (August 1964), pp. 90-93.
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Fig. 2. Simulator Approximation of Regulating Rod Worth vs Position.
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The analog circuit used to compute reactivity from the tﬁree rod posi-
tions included the effects of the position of one rod on the total worth of
the others (Table 1).

Table 1. ‘Full-Scale Rod Worths

Full-Scale
‘ Rod Worth Reactivity
Rod Position (% 8K/K) vs Position
Regulating Rod Shims out 2.6 "s" curve
Shims in 1.3 "S" curve
Both Shims Regulating rod out 5.8 linear
Regulating rod in 4.5 linear

The neutron level computation was made by converting the kinetics
equations to logarithmic formfzsince the neutron level varied over eight
decades. Two effective delayed-neutron precursor groups were used. The
usual method of including the source term in these equations was found to
be unsatisfactory, and a special circuit was used (see Sect. 6.1).

The conversion of log power to linear power was approximated by using
a squaring device that gave adequate accuracy over each linear (1.5 decade)
range (Fig. 3). A voltage signal from the reactor instrumentation linear-

2A.E. Rogers and T.W. Connolly, Analog Computation in Engineering
pp. 334-7, McGraw-Hill, New York, 1960.

Design,
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range selector circuit was subtracted from the log power signal, and this
difference was then converted to the linear signal.

The equations and analog computer circuit used for the startup simu-
lator are given in Sect. 6.1

3. POWER LEVEL SIMULATOR

The power level simulator, set up on two TR-10 analog computers
(Pig. 4), simulated the kinetic behavior of the MSRE for power levels
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Fig. 4. Diagram of Power Ievel Simulator.

between 0.5 and 12 Mv. The inputs were signals indicating the actual
positions of the rods and the radiator doors and the actual pressure drop
of the cooling air across the radiator. The outputs were neutron levels
and temperatures. The usual nuclear information and key system tempera-
ture outputs were indicated on the reactor instrumentation. The reactor
pover-level servo controller and radiator load control systems were also
used.

The reactivity inputs from control-rod position signals were computed

as in the startup simulation. The neutron level computation (using two
delayed-neutron precursor groups) solved the linear, rather than loga-
rithmic, kinetics equations. Only the O to 1.5 and the O to 15 Mv ranges
on the reactor linear power channels were operational. Conversion from
linear to log power was approximated using a square-root device (Fig. 5).

C .



oW

100(Mw)10.0 |-

“
INDICATED POWER SIGNAL (V)

ORNL DWG. 66-4838

9.5

10(Mw) 9.0 —

X

8.5 ,
DESIRED OUTPUT

1 (Mw)8.0
7.5

04 (Mw)7.0

o . 1
0 2 4 6 8 10
' COMPUTED LINEAR POWER (Mw)

Fig. 5. Approxirxia‘be Linear-to-log Conversion.




10

Other reactivity inputs to the power level simulator were from com-
puted Xenon poisoning, noise, and fuel and graphite temperature changes.
The xenon-poisoning computation (Fig. 6) was included as an option. In
consideration of the long time-constants of xenon buildup and decay, the
equations were time scaled to run at ten times real time.
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DIFFUSION
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DECAY + STRIPPING (DOMINANT) +

=2.9X1075 sec! DECAY
M BURNUP DECAY Ax = 2.1 X10~F sec™?
Ar(TOTAL) >> N BURNUP Ap= 1.66x10°6 P sec!

Steady- State Xe Poisoning When P =10 Mw:

6 K Fuel=-0.7%
6 K Graphite= -0.79 %

Fig. 6. Diagram of Xenon Poisoning Computation.

The reactivity noise input was included to offset complaints typical
of usual simulators about how "smooth" the flux output is compared with
the noisy output of actual reactors. An operational amplifier with high
resistance feedback (4O megohms) was used as the noise source.

A simplified simulation of the thermal kinetics of the MSRE was used
which was based on previous studies of reactor dynamics.3

The core was represented by two fuel "lumps," or nodes, and the
graphite by one. Six more lumps were used to represent the rest of the
system. The thermal characteristics are summarized in Table 2.

The heat removal rate from the radietor is controlled by varying the
air flow through the radiator; hence, the radiator salt outlet temperature
is affected by salt inlet temperature, air inlet temperature, and air flow
rate changes. A simple but fairly accurate way of simulating the heat
removal is to make use of the relationship of radiator cooling "effectiveness"
as a function of air flow rate. Cooling effectiveness is defined as the
ratio of the actual temperature decrease of the hot fluid to the tempera-
ture decrease in an ideal (i.e., infinite heat-transfer surface) heat
exchanger:

3s.J. Ball and T.W. Kerlin, Stability Analysis of the Molten-Salt
Reactor Experiment, ORNL-TM-1070 (Dec. 1965).

ta

O .
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Table 2. MSRE Thermal Characteristics Used in the Power Ievel Simulator

Core transit time, sec 7.6 (two
lumps )
Graphite time-constant, sec 200.0
Heat exchanger to core transit time, sec? 10.0
Core to heat exchanger transit time, sec 6.67
Radiator transit time, sec 6.67
Radiator to heat exchanger transit time, sec? 10.0 (two
. lumps )
Heat exchanger to radiator transit time, sec 5.0

Heat exchanger "effectiveness" factors at steady statéb:

T T
P2 = 0.7029 PO = g,2971
= T . T .
Y pL sl
T T,
=2 = 0.4478 g = 0.5522
pi si

aHoldup time in heat exchanger is included in the other transit times.

bP, primary; S, secondary; i, inlet; and o, outlet.



Tsalt in ~ Tsalt out

E =
¢ o= ..
salt in air in

The salt outlet teumperature is computed from

) .

Tsalt out - Tsalt in - Ze(Tsalt in - Tair in

The calculated cooling effectiveness as a function of air flow rate and
the linear approximation used in the simulator are shown in Fig. T.
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Fig. 7. MSRE Radiation Cooling Effectiveness vs Air Flow Rate.
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The air flow rate Wé through the radiator was computed from

W= K\/ZSP;(Xl+x2),

a
where
K = constant adjusted to give 10 Mw cooling at full air flow,
APA = measured air pressure-drop signal across the radiator,

measured radiator door positions (inches raised).

n

5%

Conversion of the analog computer voltages representing temperatures
to signals compatible with the Foxboro ECI instruments was done with
straightforward resistance divider networks.

The equations and analog computer circuit used for the power level
simulator are given in Sect. 6.2.

4., TIME REQUIRED FOR SETUP OF SIMULATORS

The engineering and craft time required to develop, install, and
check out the simulators and to train the operators in their use was as
follows (all values in man-weeks ):

Startup Power Ievel
Simulator Simulator
Engineering labor
Development 1.6 1.4
Set up and check out ‘ 0.7 1.2
Lecturing on use 0.3 1.0
Craft labor
Installation 7 0.3 0.4

Total 2.9 4.0
5. CONCLUSIONS

The two on-site training simulators were developed and operated satis-
factorily as part of the MSRE operator training program. Besides the
obvious function of training the operators, the simulators served as a
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means of checking out the reactor instrumentation snd control system, the
operating procedures, and the rod and radiator-door drives. Some minor
modifications were made to the system as a result of this experience with
the simulators.

All manipulations required to operate the simulated reactor were done
from the reactor console, and the readout devices were part of the standard
reactor instrumentation.

th
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APPENDIX

6.1 Details of Startup Simulation

) The neutron kinetics equations are
6
g—fc‘ = %*[k(l-ar)—l] +z MG S, (1)
i=l
ac, knpB,
di, - 19661 - MG ()
where
n = neubron population,
t = time, sec,
1¥ = prompt neutron lifetime, sec,
v k = reactor multiplication,
) Bp = total delayed neutron fraction,
¥ Bi = effective delayed neutron fraction for ith precursor group
with fuel salt circulating,
ki = decay constant for ith precursor group,
Ci = jth precursor population,
S = rate of neutron production by source.
ﬁewrite Egs. (1) end (2), assuming kBp~ Bp and E;gizs E?% :
6
8k -
o - ____._l*BTn +z MG, * S, (3)
i=1
dCi ’ nBi
. - A ¢ e o ()

Divide Egs. (3) and (&) by n:

N
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, 6
1an _ %Py 2% s .
Ldn - + 2 (3')
n dt 1% n n
i=1
L_dci _ EE i kiCi (h')
n dt 1* n
Define new variables:

an

at _ . .
M = - = reciprocal period,

Ci
Vi T g
wo= S,

n

_Substitute into Egs. (3') and (4'):

5 6
_ &k Pp
M_F-F+zvi)‘i+w’ (5)
i=1
vy By 6
= FoMY oMW (6)

The usual method of computing the source term is as follows: noting
that Wn = S and

a(n) . 48 _
dat at 4
therefore
n dw -
& " %
dWw _ Wdn _
oF & - ma = W (7)

The analog computer can usually solve a first-order differential
equation such as Eq. (7) for W; however in this case, W becomes so small
when n >> S that the voltage representing W is within the noise level of
the amplifier, so further computation with it is meaningless. To avoid
this problem, the relationship between W and log n was approximated as
shown in Fig. 8.

15
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ACTUVAL

/A PPROXIMATE
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Fig. 8. Approximation of Iogarithmic Source Term W.

- The six delayed-neutron precursor groups were approximated by two
groups, as follows: :

;
g = LBy = 00263,
i=1

| EL”6 = 0.00092k,

B
7:1_3 = -—~]=-'-3—~— = 0.63 sec™t ,
) Py
A
= 1

‘KL-6 0.04k2 sec™t,

The prompt neutron lifetime 1% was 0.00024 sec, and Bp was 0.0064 (ref 4).

The analog computer circuit for the startup simulator is shown in
Fig. 9.

LI'R.B. Lindauer, Revisions to MSRE Design Data Sheets, Issue No. 9,

ORNL-CF-64-6-43 (June 2K, 106%).
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6.2 Details of Power Ievel Simulation

6.2.1 Neutron Kinetics Equations

Equations (1) and (2) of Sect. 6.1,with two delayed-neutron precursor
groups, were used. An analog circuit (Fig. 10) developed many years ago
was used to solve these equations. This circuit is superior to most of
those published in the literature, mainly because of the way in which the
amplitude scaling is accomplished.

A key point in the scheme for simulating the equations is the use of
a small feedback capacitor for the integration of the neutron level equa-
tion, rather than solving directly for dn/dt and thgn integrating with a
conventional large-feedback-capacitance integrator. In Fig. 10, ampli-
fier 1 (which solves for n) has a feedback capacitor of 10 1% yf. The
amplifier gain is 1/10 1% Rin(sec'l), where Rip is in megohms. With the
assumption that all input resistors are 0.1 megohm, Eq. 1 can be rearranged
to show the desired form of the inputs to amplifier 1, as follows:

g%-%¥-(kn - knfg - n + 1, C + l*k202). (8)

The quantity kn is generated from n and 6k as shown in Fig. 10. Typically
k will vary between 1.005 and 0.98 for control studies. Owing to the
inherent inaccuracy of the multiplier, it is advantageous to let the full-
scale output of the (8k x n) multiplier be only a few percent of kn. In
the simulator, the voltage representing zero &k was offset, i.e.,

-1.5% < 8k < +0.5%, because of the apparent deadband in the quarter-square
multiplier when one input oprates around zero volts. The quantity knpfp

is generated from

0.1kn x 100 By x 0.1

pot 2 setting 1 megohm input
to amplifier 1

the gain reductions thus allowing a reasonably large gain setting on pot 2.

The 1% xici terms are obtained by first taking the Iaplace transform
of Eq. 2:

n g,
SC; = % - MGy

which rearranged is

5By E.R. Mann (deceased), Instrumentation and Controls Division.
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Equations.
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! \
A
= .—....].'___
1%, C, knBi( Eaw ), (9)
where S is the laplacian argument.
Solving for the output of integrator k4 [e(h)]:
d;e_(ﬂ = Se = X.e + 0.1 A. kn
dt (%) i (k) |
A
e(h) = -0.1kn m—) . (10)
- i

A, )
Multiplication of e/, y by 100 B, gives -10 knp,| =—— |,
(h') 1 1& S+ Ki
\

which is seen from Eq.(9) to equal -10 l*XiCi as required for generating
dn/dt in Eq. (8). Again, because the amplifier gains were reduced, the
gains on the Bi pots could be increased.

Igis circuit clearly shows that for small values of 1¥ (e.g., lO-lL
—» 107° sec) the feedback capacitor for amplifier 1 will be very small
and thus will have a negligible effect on the response of n for the slow
variations normally encountered in control studies. Under these condi-
tions the negligible effect of this capacitor implies that the neutron
kinetics are independent of 1%, and for m precursor groups, the neutron
kinetics can be described by m differential equations, rather than (m + 1)
equations. This simplification is useful when the kinetics equations are
solved on a digital computer, because the maximum computation time inverval
is usually governed by the l*/BT time constant and must be made quite small
to give stable (and accurate) answers.

6.2.2 Core Thermal Dynamic Equations

The fuel flow in the core is approximated by two first-order lags in
series, and heat transfer takes place between the first fuel lump and the

r_graphite. The nuclear importancesof the two fuel lumps are equal. Forty-

seven percent of the nuclear heat is generated in each fuel lump. The
remaining 6% is generated in the graphite. The heat balance equations
used for the core are as follows:

a. First fuel lump

c — — —
— = - 0.263 T, + 0.017 T, + 0.246 T,; * 0.0329 n;



22

b. Second fuel lump

aT

co  _ T .
T - 0.263 Tco + 0.263 T, + 0.0329 n;

= . 0.005 Té + 0.005 5; + 0.0008k n.

Temperatures are in °F, time is in seconds, and neutron level n is in
megawatts.

As discussed previously, the lags due to holdup and heat transfer
in the loop external to the core were represented by six first-order lags.
Each lag is described by the equation

X _ 1 =
a{- 'ri\'(xin-x)’

where T is the time constant of the lag.

6.2.3 Radiator Effectiveness

The plot of radiator cooling effectiveness vs air flow was calculated
by

Téalt in ~ Tsalt out _ 1 -exp[-(1 - Nl)Né]
- - v >
Tealt in Tair in 1-N exp -1 - Nl)N;j

where

(wcp)salt

N =

. {ch]air

N, & (——E%———

2 wcp salt

W = mass flow rate, 1b/sec,

C, = specific heat, Btu/1b-°F,

U = overall heat transfer coefficient, Btu/sec-ft2-°F,

A = heat transfer area, ft2,
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Since air flow is perpendicular to the tubes, the heat transfer coefficient
on the air side was assumed to vary as the 0.6 power of flow rate.

6.2.4 Xenon Poisoning

Even when time scaled by a factor of 10, the xenon transients are very
very slow, and care had to be teken to avoid large errors due to integrator

drift. Manual drift-control pots were added to both integrators in the
circuit.

Fuel xenon was assumed to build up at a rate equal to iodine production,
since the xenon stripping time-constant is small compared with those for
decay, burnup, and diffusion to the graphite.

a(% 6k)fuel Xe

at = [0.07 n - 0.000295 (%k)p 1 yo >
a(% 8k) '
gz:phi'te Xe = 0.00025 (% 6k)fu_el Xe
- 0.000198 (%k)graphite Xe

- 0.0000157 (% 5k)gmphite %o D

Since simulation pressed the limitations of the accuracy of the com-
puter, some of the coefficients had to be field set to give proper steady-
state output values. Although there would have been a number of advantages
in speeding up the computation even mere, it was not done because we

didn't want to have the xenon dynemics confused with the reactor thermal
dynamics. :

Fig. 11 is the anaiog computer circuit used for the power level
similator. ‘




24
2
i3
™
. N o Te §KAmn. 15,
Jufer Frird ‘ ‘ ORL ING. 66-4844 PENRT S - 1 oo Xa ouT L ‘Gm»... ' -
rumeeny () =g 37 : ox b ™ SkammIr, ! Xe (o)
+ AL : 4Ty : » ot F-M'- Gaw ox a ~T0% SR @ 1Om(ts)
L= " % N T Grapumr ) Lot Xg(e) & —v (38310 M
% -5 [10g voiss T eae oo «.0? %I 10 mwtl “
o : Hoc? o - 1% [ Xe(r) e O35 rigLe L+Y 40 }
! t’rtx. (] Pres om
M AMUAL -jovs ¢.5%. - fg @
+ Hoyr-15% )R“ t1.4 | A——1
[ 1Y 14
szl =r SIrTr4, sm
Lim Y0 ¢ . -
1ok* N«:-{-_p“h. 1Ge et .
im , 10KFS i
i SO I TR
1% b Herons - Siacko B 10 X Rewe Tims
-gv
chw‘ag T 2an IOk 000
,I%g 1029 :
" ‘ T\.Te14
1,
o 'I Wi
Jx Lorse Tre o 2w HEWT EXCHAM G ER,
b T
Sxjmp, \
046 110§
Co 2 )
-T‘—'=.smfr_£~.
Tsi [
;wn&- -
[
Sm . .
- 22 £
~(Ti1) tex “Pm..m-'rA:l' : :
B3 (3T sove RM"\ My .. 5> + 55€c. TCe
beeP wHEN REMCTUR (A O«IS Mw RAaus-E na [ £/ |. o N
. T3
f..,,, . Rapintor, g
iy e O-LS e .
,v.:n:::m o-13 MW ¥ L
T SE%  cuamper g Onert -ATra :
I =33 Pt + Toner
P ‘ £ un Vs 155 roa ton ol
- o SOK 2 T toe N o Tan 1w
Nlov 15, + Ampe. S 1
ma, Raw
-n
ﬁﬁ'—<f, 140 LiNENA- TO Lot ConViR310 Al -
NoTE: ameid EAT TR0 Compurrns
- +44v marx. ARE Usep, Iwnricrnron Feapbacr
-
CAPACITORS Are 10 uld.
Tim& Seare = Row
TEMP SemeE =10y 9410y = 00" » 1300°F
30k A d
ReAcTor. Thermae Movec ‘ y
Porrrions
Bog WWNS =Fug S'gnht ’ .
f -
R R Ree Rop |SMms a7 - 1.6'&3‘]'5"‘.,.” i '
‘ TIviTY [Smns w - 133k ; J
Borw Swems |Ree Koo ouT - SERIR Y, 000 .
Rew Rop 10 - 4.523K
. Uy »
Fig. 11. Analog Computer Circuit for the Power Level Simulator.
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