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A SIMULATION STUDY OF A REFLECTOR CONTROL SYSTEM
FOR A HETEROGENEOUS BOILING REACTOR

By B. Gordony Juil. StonérIngy and Ry 8 Boyd

A study was made of the feasibility of using a reflector control system for
a heterogeneous boiling reactor through use of analog simulation techniques. The
reactor kinetics, reactivity, and steam generation were simulated electronically
while the hydraulic portion of the reflector system was represented by a full-scale
physical mock-up.

The two portions of the system were coupled together, and an attempt was
made to achieve a stable, nonoscillating system. Various configurations of hydraulic
coupling between the reflector tank and surge tank were used in an effort to produce
the desired representation of the frictional forces in the system. A system of baffle
plates in the coupling produced the desired damping.

With the stable system, the effect of steam-load-demand changes for various
values of incremental moderator worth was examined.

These studies showed that a reflector control system for this type of reactor
is feasible.

INTRODUCTION

One method of control of a heterogeneous boiling reactor uses the steam pressure
in the reactor vessel to control the height of the water reflector surrounding the core.
As the steam pressure increases, the reflector height and the reactor power level de-
crease, Thus, as the steam load varies, the pressure varies and forces the reactor
power to follow the load changes.,

Previously(l) this system was studied by an all-electronic simulation. The equa-
tions of motion for the hydraulic reflector system were derived and coupled to the pile
kinetic equations, Suitable equations relating the steam-void fraction, reactor power,
demand power, and system pressure were also included. The system response following
a change in demand power was obtained for various demand-power changes, The results
indicated that the control scheme was feasible. However, this simulation required mak-
ing an assumption concerning the magnitude of frictional forces in the hydraulic system.
It also required the assumption that inertial and frictional terms in the equations of
motion of the water in the reflector system were determined primarily by the size of the
connecting pipe from the surge tank, To avoid the necessity of making these assump-
tions, a physical simulation of the hydraulic portion of the system was undertaken.

To provide stable operation of this system, a design study was undertaken to spec-
ify the amount of damping needed in the connecting pipe. With a stable system the effects
of changing the incremental moderator worth could be examined,

(1) References appear at end,
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DESCRIPTION OF REACTOR AND CONTROL SYSTEM

The boiling water reactor is different from most other types of reactors in that
since steam is generated directly in the reactor core, an external heat exchanger is not
required, A given steam temperature can then be attained with a lower average fuel
temperature, Also since excess pressure is not required to prevent boiling, a require-
ment in other water-moderated power reactors, the pressure vessel can be designed for
a lower pressure.

The reactor system as controlled by the height of the water reflector is shown as
Figure 1. Boiling in the reactor core produces steam which is collected in the upper
portion of the pressure shell and delivered to the load attached to the system, The flow
of this steam upward through the core causes water to circulate up through the reactor,
out through ports in the annular reflector tank, and down past the core along the inner
surface of the main pressure shell,

The annular reflector tank surrounding the reactor core is partially filled with
water. This water acts as a reflector for neutrons produced by the core, and as the
level of this water decreases, the reactivity decreases, Openings around the top of the
reflector tank admit steam to the upper surface of the water in the reflector tank, The
water in this annular tank connects, through a pipe, to an external surge tank in which a
reference gas pressure is maintained, Any excess steam pressure in the reactor over
that required to maintain the water in the reflector system at equilibrium will cause the
following sequence:

(1) Flow of water to the surge tank

(2) Decrease in reflector level

(3) Decrease in reactivity

(4) Tendency for a decrease in reactor power

(5) Return of the steam pressure to its equilibrium value,

ALL-ELECTRONIC SIMULATION

To determine the feasibility of using steam pressure to control the height of the
water reflector in a heterogeneous boiling reactor, an all-electronic simulation was
attempted,

The analysis of the reactivity effects associated with various changes in the reflec-
tor arrangement was evaluated using the standard two-group diffusion equations, The
two-group constants used were taken from ANL-5452,(2) This procedure was used to
calculate the reactivity change when the reflector tank was emptied, The results of
these calculations indicated reactivity changes of minus 17. 6 per cent,

A self-contained unit, similar to the one described in ORNL-1632(3), was used to
simulate the nuclear kinetic equations,
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The temperature coefficient of reactivity was assumed to be minus 104 8k per
deg F and, since it was further assumed that the temperature of the moderator in the
core structure was approximately equal to the saturation temperature of water at the
operatzing steam pressure, the pressure coefficient of reactivity became 3 x 10-5 6k/
(Ib)(ft=).

Information regarding the effect of steam-void fraction to produce a change in the
multiplication factor was taken from ANL-5452, The void fraction depends upon the op-
erating power level and upon the steam pressure, An increase in void fraction produces
a decrease in the multiplication factor.

It was assumed in this study that the total height variation of the reflector was 2 ft,
and that this represented a total reactivity change of 8 per cent.

The annular tank surrounding the reactor core contains the water reflector and is
joined to an external surge tank through a connecting pipe. The level of water in the
reflector tank changes to offset the change in steam-void fraction as the operating power
of the reactor varies and provides a means of reactor control. Equations of motion
describing this hydraulic system were derived to represent this portion of the simula-
tion, Such a system tends to oscillate, and with insufficient hydraulic damping, this
tendency to oscillate could adversely affect the power system's operation, Also the re-
sponse time of this control scheme must be sufficiently short to regulate the power level
of the reactor without introducing additional oscillating tendencies and to permit the re-
actor power to follow steam-load variations,

Sufficient damping was introduced into the hydraulic portion of the simulation to
eliminate the undesirable oscillations, This optimum system was subjected to disturb-
ances of step changes in steam load. The maximum steam-pressure variation was
4, 2 psi and the largest power overshoot, resulting from a change of from 50 to 100 per
cent load demand, was about 10 per cent. It was determined from this study that a fric-
tional loss of 6,076 psi/(ft)(sec) would provide optimum damping. It was concluded that
control by this method was feasible, but that further investigation would be worth while,

All other equations used in the all-electronic simulation of this system were again
used in the present study. These equations are derived in Appendix A,

OBJECTIVES OF THE PHYSICAL SIMULATION

To avoid the uncertainty of the assumption of the all-electronic simulation, a full-
scale physical mock-up of the hydraulic portion of the system was constructed as shown
in Figure 2. This hydraulic simulator consisted of a reflector tank, a surge tank, the
connecting pipe, and two pressure-accumulator tanks coupled with compressors., Fig-
ure 3 is a schematic of the hydraulic simulator,
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METHOD OF ANALYSIS

The design parameter of the physical simulation is the hydraulic coupling (H in
Figure 3). It was necessary to install damping in this portion of the system to provide
stable operation. The purpose of this investigation was to determine an acceptable
means of physically damping this system. With a stable system specified, the effects of
changing the incremental moderator worth could be examined.,

Information regarding the moderator worth was supplied by the Battelle Critical

Assembly Facility., This information was used in the determination of the system re-
sponses to step changes in reactivity and steam-load demand.

THE ELECTRONIC PORTION OF THE SIMULATION

A description and derivation of the equations used to simulate this reactor system
are given in Appendix A of this report.

The nuclear kinetic equations were solved by the use of a self-contained unit built
into the analog computer and will not be further examined here,

The equations used are as follows:
6k = Kph + 4 x 10-9P,%(1 - 0.00333 op) (1)

HR % 1079P (1 5 0, 001667 Sp) 4 2.6 % 1074

Bobf o s By (2)
Pg=Kg 0y =054 - Kpop) (3)
W= KyuPas KouPy (4)
\%
Woép=R-A—h +3— W - Wép, (5)
vp vp

The values of the constants used in this simulation are representative of this type
of reactor, They are listed also in Appendix A.
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THE PHYSICAL PORTION OF THE SIMULATION

The accumulator tanks (labeled A in Figure 3) are 16 ft3 ASME-approved 500-psi
air-pressure vessels each mounted above, and connected to, a 3-hp 500-psi air com-
pressor. These tanks provide air at 500 psi as needed to the reflector tank and surge
tank,

The surge tank (labeled S in Figure 3) is a 36-~in, ~diameter tank constructed to al-
low for hydraulic coupling pipes up to 6 in. in diameter, and for various connecting ports
for mechanical control valves and relief valves., An inlet air-pressure regulator is used
to reduce air at 500 psi from the accumulator tank to 300 to 302 psi in the surge tank,
The outlet air-pressure regulator is used to release air from the surge tank when the
pressure increases above 298 psi in the surge tank.

The reflector section consists of the simulated reflector vessel (labeled R in Fig-
ure 3), two pneumatic control valves with a controller, a capacitance-type water-level
indicator, and the necessary safety relief valves, The reflector tank has a cross-
sectional area of 5 ftz, and the water level can be raised 2 ft from the low portion with-
out any interference from inlet air or water connections, One-half-in, pneumatic con-
trol valves are used on the inlet and outlet lines to the reflector tank; these are both
controlled by the same pneumatic signal from a pressure controller,

Safety relief valves are provided on each tank and are set at 505 psi on the accumu-
lator tanks and 340 psi on the surge and reflector tanks,

COUPLING OF THE HYDRAULIC AND ELECTRONIC SYSTEMS

The electronic and hydraulic portions of the system were then coupled together (as
shown in Figure 4) to complete the simulation, A pressure-demand signal from the com-
puter was used to determine the set point of the controller, The actual pressure in the
simulated reflector tank was compared with the set-point pressure, and the error deter~
mined the pneumatic signal to the control valves, If the pressure in the reflector tank
were lower than the demand pressure, the control valve to the accumulator would open
to increase the pressure, Conversely, if the pressure in the reflector tank were too
high, the control valve to the atmosphere would open to exhaust the pressure, The con-
trol valves were adjusted so that at set-point pressure both would be slightly open,

The pressure controller used in this simulation employed proportional-plus-reset-
type control. Both the proportional band and reset rate were set at their minimum val-
ues. In addition, because of an undesirable time lag between the pressure in the simu-
lated reflector tank and the demand pressure, an anticipation circuit was included, The
output of this circuit was added to the pressure-demand signal to produce the controller
set-point signal. This was, effectively, rate control. This circuit was adjusted for
optimum response of the controller.

In order to complete the loop, a signal proportional to the height of the reflector
had to be fed back to the computer. The water height was indicated by a capacitance-
type level gage. The output of this instrument was sent to an electronic recorder, The
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signal from a precision potentiometer geared to the recorder drive mechanism was used
as the height indication required in the electronic simulation.

OPERATION OF THE SIMULATOR

To examine this system, the simulated reactor was brought up to power manually
by decreasing a shim voltage in the 6k simulation, The power-~demand signal was ad-
justed to design-point power, When the demand pressure to the simulated reflector
reached the operating level, 300 psi, the system was put on automatic control,

The system, with an open connecting pipe between the reflector and surge tanks,
tended to oscillate. To establish the required frictional forces for stable operation, the
following configurations in the hydraulic coupling were attempted:

(1) Various concentrations of steel wool
(2) Four 2-in,, 90 deg elbows
(3) A l-in, orifice in a 2-in, pipe

(4) A system of baffle plates.

RESULTS

Curves are presented in Appendix B showing the responses of reflector height,
pressure, and reactor power to a step change from 50 to 100 per cent in steam-load de-
mand for the undamped system, the l-in, -orifice system, and a system of five baffle
plates, The steel wool system was unstable and not reproducible because of compacting
of the wool, Curves showing the response of this system are not included in this report,
As stated before, the undamped system was oscillatory, The orifice system was un-
stable, but stable operation was achieved with the use of the baffle plates. This coupling
of baffles is shown in an expanded view in Figure 5.

The baffle system consists of a section of 3-in, -ID pipe 9 in, long with inserts and
spacers to damp the flow of water through the tube. The inserts are made of l4-gage
brass and have 16-1/2-in, -diameter holes drilled in each insert, These inserts can be
placed in the coupling in various combinations of spacing up to a maximum of 18 baffles,
This system was examined using 0, 2, 5, 9, and 18 baffles, respectively. A comparison
of the responses of these combinations is shown in Table 1, The steam-load demand for
these runs was changed from 100 to 50 per cent and then from 50 to 100 per cent. The
incremental moderator worth (Kj) for this series was 0. 12 6k per ft.
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TABLE 1. COMPARISON OF RESPONSES OF SYSTEMS USING VARIOUS
COMBINATIONS OF BAFFLE PLATES TO A STEP CHANGE
OF 50 PER CENT IN STEAM-1L.OAD DEMAND

Overshoot of Overshoot Change of Final Steam-
Number Reflector Height, of Power, Pressure, Load Demand,
of Plates ft Btu per sec psi pexr cent

0 0,092 200 236 50
0.023 200 3842 100
2 0,137 250 26.4 50
0.007 220 44,1 100
5 0,097 250 29012 50
0,011 280 45,1 100
9 0,103 230 3303 50
0.016 300 41,0 100
18 il D 280 29, 4 50
0.016 320 44,4 100

A separate investigation to determine the frictional losses in the baffle-plate as-
sembly was conducted. The results of this study are shown in Figure 6. The results of
this investigation indicated that the frictional losses are proportional to the square of the
velocity rather than the first power of the velocity as assumed in the initial all-electronic
simulation, The damping coefficient for the five-plate assembly was found to be approxi-
mately 0, 055 psi/(ftz)(secz).

CONC LUSIONS AND RECOMMENDATIONS

It appears feasible to study the heterogeneous boiling reactor by the use of a physi-
cal simulation of the hydraulic system coupled to an analog computer used to simulate
the reactor kinetics, reactivity, and steam-generation systems, A simulation of this
type can be used to study the effects of changing design parameters such as reflector
worth and void coefficient, It is recommended that this working system be further uti-
lized in design studies involving this type of reactor,
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DERIVATION OF THE SIMULATION EQUATIONS

Reactor Kinetics

A standard group of nuclear kinetic equations was employed in the study of this

reactor,

These are:

i=6
dPy (1 -B)k-1
dt=|( ﬁﬂ) }Pr+L>\iCi+SO,
ki S
dC. B
i i
3t = )\,ici 70 Pr :
where
Pr = reactor power, Btu per sec
i=6
X
Bk
1=l
B; = fraction of neutrons produced each mean lifetime that

are delayed in the ith group
{ = mean lifetime, 10~% sec

decay constant for ith delay group, sec~!

>
%
1l

92}
1l

term proportional to neutron source

C; = term proportional to concentration of ith delay group

P
1

effective multiplication factor .

The values used for the six delay groups are summarized below:

Group Bi Ay, sec~l
1 0.00025 70,0125
& 0,00166 0.0315
3 0.00213 0. 154
4 0.00241 0L dh
5 0.00085 1,61
6 0,.00025 14, 28

Total 0,00755

(A-1)

(A2 AT




Multiplication Factor

The effective multiplication factor was assumed to depend primarily upon two fac-
tors. It was assumed that k could be obtained by a linear combination of the following:
(1) The height of the reflector in the annular tank controls the reactivity of this reactor,
as has been previously described, The value of the incremental reflector worth was ob-
tained from critical-assembly data. (2) An increase in steam-void fraction produces a
decrease in the multiplication factor. Two effects were considered in treating the void
fraction, They were the power level and the steam pressure. The relationship between
0k produced by voids and the power level can be expressed as a quadratic equation, This
relationship as obtained from ANL-5452 can be expressed as follows:

ok=4x10"92.%2-2,1x105P, +2.6x10°2 , (A-8)

It was further assumed that the ratio of the power level to the void fraction varies as the
square root of steam pressure, Therefore P, as obtained from Equation (A-8) was
modified by the square root of the ratio of actual pressure to 300 psi in relating this
equation to power,

P 2 P
Shmuaenprd b B X ¥ e HpED Al S T (A-9)

Since the proportionate change in pressure is small, the following approximation was
used.

6k =4x10"7 P.2(1 - 0,003336p) - 2.1 x 1073 P, (1 - 0,001667 &p) (A-10)
+ 2. 6%10°% 5

Adding the effect of moderator worth to reactivity gives the final equation used for re-
activity changes

6k =Kp h +4x 109 P2 (1 - 0,003336p) - 2,1 x 1075 P, (A-11)
(1 -0,0016676p) + 2.6 x10"2,
where

0k = change in effective multiplication factor

Kj, = incremental moderator worth, 0k per ft
h = change in moderator height, ft
dp = change in steam pressure, psi .
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Water Temperature

The rate of change of water temperature is proportional to the difference between
the power produced by the reactor and the power converted to steam. Any unbalance
between the power produced and power used will obviously be stored as heat in the water,
This leads to the following equation:

Koo e wp g (A-12)
where
0 w = temperature of the water, F

K., = thermal capacity of the water, Btu per F

0
I

power converted to steam, Btu per sec .

Steam-Power Generation

For the purpose of this evaluation, it was assumed that boiling commences at the
point where the water temperature reaches the saturation temperature and increases in
intensity, linearly, as the water temperature increases beyond this point, This can be
expressed in equation form as follows:

Pare By GuwmE g (A-13)
where
Ky = effect of temperature on boiling, Btu/(sec)(F)
Gs = saturation temperature, F .

Since saturation temperature is a function of pressure, this relationship must be included
in the equation for boiling, This relationship was linearized from information obtained
from the steam tables, and included in the equation for power generation as follows:

PoaK, (b~ 68300 - Kp 6p) 4 (A-14)
where
Kp = effect of pressure on saturation temperature, F per psi
95300 = saturation temperature, F, at 300-psi pressure .

Weight of Steam

The rate of change of the weight of steam is proportional to the difference between
the rate of steam production and the rate of steam demand,




Therefore,

W o B P R P 5 (A-15)
where
W = change in weingt of steam, 1b
Bais = weight of steam equivalent of heat, 1b per Btu
P4 = power demand, Btu per sec ,

Steam Pressure

The steam pressure in the vessel was determined from the weight of the steam in
the steam chest and the height of the reflector, in the manner described below.

The steam volume varies with the reflector height:

Ve = Vs~ Ahb (A-16)
where
Vg = steam chest volume, £t3
V, = steam chest volume with reflector height at center

of its travel, ft3
A = cross sectional area of reflector, ft2
h = reflector height, ft.
The specific volume of the steam depends upon the temperature and pressure. For

small pressure variations, the effect of pressure (at saturation temperature) may be
linearized as follows:

Ve Bv, = Kvp 8p (A-17)

where

v = specific volume of steam in the steam chest, £t3 per 1b

v, = specific volume of steam at 300 psi, £t3 per 1b

Kvp = effect of pressure on specific volume, ft3/(1b)(psi) §
Since
Vs
W, = -‘-,-: 5 (A-18) ~

where

W = weight of steam, 1b,



A-5 and A-6

Py Al
Wy R mere et (A-19)
B vy Kyp Op
also,
W= Wk (A-20)
where
W, = weight of steam at 300 psi with the reflector height
at the center of its travel, 1b
and
Vi
W, =— (A-21)
(o} VO '

Combining Equations (A-19), (A-20), and (A-21) gives

Vo SysAl

Wi e = s (A-22)
Yo ¥s® Kvp 5p
Rearranging this equation to the form most suitable for analog simulation gives
A Yo
W o= e o W= Wi i (A-23)
o°p KVp Kvp P

The electronic portion of the simulation of this system was modeled from Equations
(A-1), (A-2 - A-T), (A-11), (A-12), (A-14), (A-15), and (A-23), which completely de-
scribe the system.

The values of the constants in the above equations used in the simulation were:

Ky, = 0,12 and 0.18 6k per ft
Ky = 328, 2 Btu per F
Kg = 1000 Btu per sec F
Kp = 0,306 F per psi
B..s 883 200t thosw
A =5 ft2
W, =349 1b
K,p = 5.05 x 1073 £t3/(1b)(psi)
Vo= 15433 fd per 16 ,
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