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COMPUTER STUDY OF EMERGENCY SHUTDOWNS OF A 60-KILOWATT
REACTOR BRAYTON SPACE POWER SYSTEM
by Roy C. Tew and Kent S. Jefferies

Lewis Research Center

SUMMARY

A digital computer study of emergency shutdowns of a 60-kilowatt reactor Brayton
power system was conducted. The purpose of the study was to evaluate a proposed reac-
tor emergency shutdown (scram) procedure.  The procedure consists of rapid sequential
stepping of eight reactor control drums (neutron reflectors) in the direction of decreasing
reactivity and power whenever certain reactor variables exceed specified limits. The
simulated malfunctions which initiated the shutdowns were: (1) loss of reactor coolant
flow, (2) loss of Brayton power conversion system gas flow, (3) turbine overspeed (from
loss of electrical load), and (4) a reactivity insertion error. The resulting reactor
transients were evaluated on the basis of design limits on reactor critical variables.

The design limits used were preliminary in nature and may be more restrictive than
necessary. _

With sudden loss of reactor coolant flow to 1 percent of the design value and use of
the proposed scram rate of 200 drum steps per minute (each step having a reactivity
value of 0.5 cent), the reactor would exceed certain design limits by a wide margin.

Two methods found to moderate the reactor temperature transients for this malfunction
were: (1) increasing the scram rate and (2) supporting the coolant flow at some percent
of the design value. Supporting the coolant flow at 10 percent of its design value was
more effective than an instantaneous scram of the reactor in reducing the excessive tem-
perature change across the reactor and about as effective in reducing peak core tempera-
ture. However, even with coolant flow supported at 10 percent of design, the maximum
reactor AT and the peak core tem,peraiture were excessive. The turbine overspeed
malfunction resulted in a reactor AT which was 20 percent greater than the recom-
‘mended maximum in the steady-state condition. For the reactivity insertion malfunctions,
the maximum reactor AT was about equal to the recommended maximum for the runs
made. The loss of gas flow malfunction was not a problem.



INTRODUCTION

Nuclear reactor power systems will increase operational capabilities for future
space missions. The Brayton cycle is a candidate for the nuclear power conversion
system. One proposed nuclear Brayton system uses a 300-kilowatt zirconium-hydride-
moderated thermal reactor with a 60-kilowatt electrical power conversion system. A
schematic of this system is shown in figure 1; design temperatures and flow rates are
listed on the schematic. NaK, at the eutectic mixture for sodium and potassium, is
circulated to transfer heat from the reactor to the heat source heat exchanger. A
xenon-helium mixture (molecular weight of 83. 8) absorbs heat in the heat exchanger.
The heated gas mixture powers a turbine-alternator-compressor unit. The closed
Brayton loop is completed with a recuperator and a gas-liquid heat exchanger. The
heat exchanger transfers waste heat to the radiator loop. The standby heat exchanger
shown in the NaK loop of figure 1 is for a redundant Brayton system that increases
system reliability. . ,

As the primary energy source of the system, the purpose of the zirconium-hydride
reactor is to heat the NaK (the eutectic of sodium and potassium) flowing through it to
921K (1200° F). It is capable of producing 300 kilowatts of thermal power continuously
during a 5-year mission. The reactor core consists of 199 fuel elements held in position
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Figure 1. - Reactor Brayton system.
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Figure 2, - Reactor assembly,

by two grid plates, as ‘shown in figure 2. The control drums, which surround the reac-
tor core, control the nucleonic reaction by reflecting neutrons back into the core. To
provide an inherent power stability, the reactor core was designed to have negative
temperature coefficients of reactivity through physical expansion effects. For example,
a random increase in power resulting in a rise in reactor temperature will expand the
core structure thereby increasing leakage of neutrons from the core and reducing the
power back toward its original level.

Eight control drums are the only devices used to control the reactor. The drums can
be moved in small steps and are used for reactor startup, for reactor control during
power conversion system startup and other transients, for balancing the reactivity
changes caused by fuel depletion, and for reactor shutdown. A cold wall and an auxiliary
(NaK) coolant loop are used to cool the reactor control drums.

Reactor thermal transients need to be studied for several reasons. First, there are
potential hazards from radioactivity. Safe operating procedures ‘must thérefore be



developed to assure long-term structural integrity of the reactor. Particular attention
must be paid to transients which would follow potential system malfunctions. These
transients could subject the reactor to severe thermal stress. An additional require-
ment (which constrains the thermal transients even more than the safety requirement)
is that the emergency shutdown procedure must be such that the reactor can withstand
the transients and be capable of restart.

The study reported herein evaluated the proposed reactor emergency shutdown
(scram) procedure for certain reactor Brayton system malfunctions. The proposed
scram procedure consists of rapid sequential stepping outward of eight control drums
(neutron reflectors) to decrease reactivity and power. The study was performed using
a digital computer dynamic simulation of the power system.

Four types of malfunctions were studied: (1) loss of reactor coolant (NaK) flow,

(2) loss of gas flow, (3) turbine overspeed, and (4) reactivity insertion error. In the
study, the reactor was scrammed following a malfunction if a critical variable exceeded
a specified design limit. For each malfunction, one or more runs were made to evaluate
the effect of changes in shutdown procedure and/or operating conditions on the reactor
thermal transients.

DIGITAL COMPUTER SIMULATION

A schematic showing the components simulated is shown in figure 3. The simulation

8.2 kgfsec (18.1 lbmisec)

Pipe
—-
920 K
(1200° F) Standby
heat
exchanger
-— -
P F
- I i
15-kW loss —~— Reactor Pipe t Turbine |
o0k |P e '
- 1199.80F) | © ) Y
(1199. (1173° F) =~
Heat 693 K
P , exchanger (7889 F)
(1120° ) T
l—’
817 K 693 K | Recup- |
{1120° F) {788°F) y erator
Pipe Pipe | =
|

Figure 3. - Simulation schematic.




included the reactor, the Brayton heat source heat exchanger and the standby Brayton
heat source heat exchanger. Pipe line delays in the NaK loop were simulated, but the
pipe heat capacity was neglected because it was small compared to the NaK heat
capacity. Pipe line delays in the gas loop including the effects of pipe heat capacity
were simulated.

The turbine and recuperator do not directly influence reactor dynamics.. They
were therefore represented by extremely simple models. The outlet temperature
from the turbine was approximated by a linear function of turbine inlet temperature.
The temperature out of the recuperator (going to the heat source heat exchanger) was
assumed to follow the turbine outlet temperature (minus a small AT) as a first-order
lag. These approximations yielded results sufficiently similar to the results of a more
detailed gas loop simulation to justify their use in this study of reactor transients.

Because the cold wall has considerable thermal mass, the temperature changes of
the auxiliary loop occur too slowly to significantly influence the scram transients. This
loop was not simulated, although a power loss to the cold wall (proportional to reactor
.power) was simulated.

The reactor model was the most important part of the system model for the tran-
sients studied. The method of simulation is described briefly hereinafter. Further
details of the reactor model are presented in appendix A. A block diagram of the
reactor model is shown in figure 4.

The reactor model included: (1) a calculation of excess reactivity as a function of
temperature and control drum position, (2) a simulation of reactor power dynamics
including six delayed neutron groups, (3) a sinusoidal distribution of reactor power
axially within the core, (4) first-order lag representations of the thermal capacities of
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Figure 4. - Block diagram of reactor simulation.



the manifolds, plenums, and grid plates, (5) a 20-lump simulation (along the flow direc-
tion) representing the heat transfer dynamics in the core, and (6) a model of reactor
decay heat following shutdown. Conduction of heat along the flow axis was neglected.

The heat source heat exchanger model was a 10-lump representation of heat trans-
fer dynamics. NaK, metal, and gas temperature were computed for each lump. The
NaK and metal temperature computations included the effect of heat energy storage with-
in the heat exchanger. The computed gas temperature distribution did not account for
heat storage because very little energy is stored in the gas.

The initial system conditions (approximately the design conditions) prior to simu-
lated system malfunction are shown in the schematic in figure 3. Initial reactor power
was 336 kilowatts. This includes a 15-kilowattloss from the control drums to the cold
wall and a 3-kilowatt radiation loss from the NaK piping. Design reactor coolant flow
and gas flow were 8.1 and 2. 8 kilograms per second (18.1 and 6. 3 1bm/sec), respec-
tively. Constants used in the simulation such as heat capacities, heat transfer coeffi-
cients, inventories, and so forth are listed in appendix B.

REACTOR CONTROL AND EMERGENCY SHUTDOWN
Normal Control

During normal reactor operation, the reactor coolant outlet temperature is within
a range (deadband) of 913 to 933 K (1185° to 1220° F). Moderate disturbances, such as
long-term fuel depletion, cause the coolant temperature to drift outside of this temper-
ature range. If the temperature drifts below 913 K (11850 F), a neutron reflector control
drum is stepped slightly inward. This causes reactor power to increase. The increased
power causes reactor coolant outlet temperature to increase. If the outlet temperature
has not returned to the deadband range after 1 minute, drum steps continue at 1 minute
intervals. Likewise, if the outlet temperature drifts above 933 K (1220° F), the control
drums are stepped outward. The reactivity worth of each control drum step is between
0.5 and 1. 3 cents per step. The step worth depends on the angular position of the
control drums. A worth of 0.5 cent per step was used for the computer transients
reported herein.

Emergency Shutdown
When system variables exceed certain design limits, an emergency shutdown (scram)

occurs. The emergency control steps the reflector drums outward at 200 steps per
minute. The rate of reactivity decrease is between 1 and 2.6 dollars per minute de-



- - pending on control drum worth. The emergency shutdown can be initiated by (1) loss of _
reactor coolant flow (to a value less than ~50 percent of design), (2) reactor power
being too high (=25 percent above design), or (3) reactor outlet temperature being too
high (=20 K or 30° F above the upper deadband limit).

The following procedure was used in running the shutdown transients on the com-
_puter:

(1) The runs started with the system operating at steady state with approximately
design conditions. Some runs started with the outlet temperature at the middle of the
deadband range, 921 K (1200° F). Other started with it at the top, 933 K (1220° F).

(2) The malfunctions were simulated as follows: . .

(a) Loss of reactor coolant flow: one second ramp in flow from the design
value, 8.2 kilograms per second (18. 1 lbm/sec), to the final value (usually 1 percent
of design). :

‘(b) Loss of gas flow: one second ramp in flow from the design value, 2.9
kilogram per second (6.3 Ibm/sec), to the final value (usually 1 percent of design).

(c) Turbine overspeed: the increase of gas flow rate following turbine over-
speed was computed using the separate gas loop simulation. The time history of gas
flow from that run was used as an input for the reactor shutdown transient run.

(d) Reactivity insertion error: lone of the eight control drums rotates inward
at its fastest possible rate (usually one s‘ltep every 0.04 min, 12.5 cents/min). . This
fastest rate is built into the control drurr"l system. The scram rate is eight times this
fastest rate because there are eight control drums. '

' Key system varlables such as reactor power and temperatures were studied to
determine if the transient would have exceeded reactor design limits.

'RESULTS AND DISCUSSION

Peak fuel temperature and temperature rise across the reactor were used to
evaluate the effect of the four types of malfunctions on the reactor. Peak fuel temper-
atures above 1033 K (14000 F) and temperature rise across the reactor greater than
56 K (100 F) were considered to be too severe, that is, damage to the reactor might

result

Loss of Primary Coolant Flow
For the coolant flow malfunction, primary loop flow was ramped from design flow

to 1 percent of design in 1 second. The simulated controller went into the scram mode
when the primary coolant flow dropped below 50 percent of its design value. Also, the




gas flow was stepped from its design value to 0.1 percent of design when the scram
began. Plots of reactor transients resulting from loss of coolant flow are shown in
figures 5 to 8. :

A run, starting at the top of the reactor outlet temperature deadband (i.e., 933K
or 1220° F) and using the proposed scram rate of 200 steps per minute, is plotted in
figure 5. Reactor temperatures increase because the coolant flow loss occurs much
faster than the loss of reactor power. The peak fuel temperature shown is for the hot-
test of the axial core lumps. This represents an average of the actual radial and cir-
cumferential temperature distribution that would exist at that axial location. (Because
of this distribution, the maximum fuel temperature would be somewhat higher than the
plotted peak fuel temperature.) It is seen in figure 5 that the plotted peak fuel tempera-
ture reaches almost 1150 K (1600o F) during the transient. This value is, however,
well above the recommended 1033 K (1400O F) design limit, but not so severe that the
core would be destoyed. The AT across the reactor reaches about 246 K (4420 ‘F).
This is over four times the recommended maximum AT across the core of 56 K (100° F)
and about 25 percent above the design values for the earlier reactors S8ER and S8DR.

A rough hand calculation of the rate of axial conduction through the NaK indicates that
the AT would be excessive even if axial conduction had been included in the simulation.
Thus, damage to the reactor, such as fuel element cracking, might occur.

Three possible methods for making the transient less severe were investigated.

. These methods were: (1) increasing the scram rate, (2) maintaining 10 percent of
coolant flow, and (3) maintaining gas flow for as long as possible. Runs using each of .
the three methods are discussed in the following three sections.
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Figure 5. - Loss of primary coolant flow (flow ramped from design to 1 percent of design during first second).
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Effect of scram rate. - Three computer runs were made with different scram rates.
For these runs, the reactor outlet temperature starts at the center of the deadband range,
921 K (1200° F). The results in figure 6(a) show| the effect of the proposed scram rate
of 200 steps per minute. The peak fuel temperatlure reached a maximum of of 1125 K
(1565° F) and the AT across the reactor reached a maximum of 242 K (435° F). The
results in figure 6(b) show the effect of a scram rate of 400 steps per minute. This is
double the proposed scram rate. The peak fuel temperature reached a maximum of
1100 K (1520° F) and the AT across the reactor reached 214 K (385° F). The results
in figure 6(c) show the effect of an instantaneous scram. After the scram, the reactor
power follows the decay heat curve shown in figure 15 and discussed in appendix A. The
peak fuel temperature reached a maximum of 1047 K (14250 F) and the AT across the
reactor reached 167 K (3000 F). The transients are made significantly less severe by
increasing the scram rate. But, even when an instantaneous scram is assumed, both
design limits are exceeded and the maximum AT across the reactor is three times
the design limit.

Effect of maintaining partial coolant flow. - A redundant short-term reactor coolant
system could avoid complete loss of coolant flow. A pressurized reservoir could main-
tain some flow even if the loss of flow was due to a leak in the reactor coolant system.
The run plotted in figure 7 started at design conditions with the outlet temperature at
the center of the deadband range. The coolant flow dropped below 50 percent initiating
a scram (200 steps/min) and the gas flow was stepped to 0.1 percent of design. After
1 second the coolant flow reached 10 percent and stopped decreasing. The peak fuel

10
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Figure 7. - Loss of primary coolant flow to 10 percent of design value. (Flow ramped from design to 10 percent of
design during first second.)

temperature during the simulated transient was 1047 K (14250 F) and the maximum AT
across the reactor was 131 K (23’.‘30 F). The temperature transients plotted in figure 7
suggest that maintaining flow at 10 percent would be a help in reducing maximum fuel tem-
perature and reactor AT. However, both temperature limits are exceeded and reactor
AT is stil) more than twice the design limit. Further improvement could be obtained by
supporting the coolant flow at some higher percent of the design value. Also some combi-
nation of increased scram rate and higher support level of flow might be desirable.

Effect of gas flow shutoff time. - The computer runs previously discussed assumed
that the gas flow stepped to 0. 1 percent of design when the scram began. The run plotted
on figure 8 assumed that the gas flow continues at 100 percent until the turbine inlet tem-
perature drops below 644 K (700° F). Below this temperature, the gas flow is not self-
sustaining and the gas loop flow is assumed to step to zero. Maintaining gas loop flow

did not reduce the maximum peak fuel temperature as compared with figure 6(a) and made
the reactor AT much worse, The peak temperature was not reduced for the following
reason. At 1 percent coolant flow, the fluid transport time from the heat exchanger outlet
to the reactor core inlet is approximately 650 seconds. Most of this transport time is
spent in the inlet manifold and inlet plenum, The maximum peak fuel temperature occurs
380 seconds after the start of the transient. This maximum temperature occurred before
the effect of having maintained gas flow reached the core. With 10 percent primary flow
as in figure 7, the transport time is reduced to 65 seconds. But, the maximum peak fuel
temperature occurs 50 seconds after the start of the transient; thus, even with the 10
percent flow, maintaining gas flow would not reduce this temperature.

4
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Loss of Gas Flow

Gas flow is ramped from design to 1 percent of design in 1 second. The gas turbine
normally provides the power for the primary loop NaK pump. To prevent gas flow loss.
from also stopping reactor NaK coolant flow, the pump is automatically switched to
battery power when turbine speed decreases. The results plotted in figure 9 show that
reactor power decays fairly rapidly even with no scram. The peak fuel temperature
reaches a maximum of 994 K (1330O F). This is well below the design limit of 1033 K
(1400° F). The reactor AT decreases from its initial value of 44 to 0 K (80° to 0° F)
at 250 seconds. It is, therefore, not necessary to scram the reactor if gas flow is lost.

Turbine Overspeed
Turbine overspeed could result from loss of alternator electrical load. The effect

of turbine overspeed is to increase gas flow. As the flow increases the heat energy
absorbed by the gas from the heat source heat exchanger increases. This heat energy

12
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is called the Brayton power demand. A computer transient representing turbine over -
speed due to loss of electrical load was generated using a detailed digital model of the
gas loop. The steady-state speed with no electrical load was too low to cause turbine
failure. The gas flow transient from this run is shown in figure 10(a). This transient
was used as input to the reactor Brayton digital simulation. ‘

The effects of this input on reactor temperatures and power are shown in figure
10(b). The reactor outlet temperature was initially near the lower deadband limit of
914 K (1185° F). The maximum peak fuel temperature reached during the computer run
is 1005 K (1350° ¥). The reactor AT reached a maximum of 72 K (130° F) at 160 sec-
onds and settled out at 68 K (122o F). The steady-state value of reactor AT in
the overspeed condition was is excess of the design limit but in a range the reactor
could tolerate for the times involved.

Reactivity Insertion Error

The reactivity insertion error studied consisted of stepping one drum inward
(increasing reactivity) at its scram rate (25 steps/min). This is one-eighth of the over-
all scram rate because there are eight drums. The assumed control drum worth was
0.5 cent/step. The simulated reactor was scrammed (200 steps/min) when the power
‘reached 550 kilowatts. Three reactivity insertion error computer runs are shown in
figures 11 to 13. 4

The transient on figure 11 assumed that gas flow remained at design until the tur-
bine inlet temperature dropped to 644 K (7000 F). The flow went to zero when the tem-
perature went below 644 K (700° F). Peak fuel temperature reached a maximum of
1022 K (1380° F) and reactor outlet temperature reached a maximum of 950 K (1250° F).
Maximum reactor AT was equal to the safety limit of 56 K (1000 F) and occurred at
approximately 80 seconds. )

The computer run on figure 12 was generated to determine the effect of doubling the
scram rate to 400 steps per minute. As the maximum reactivity insertion rate for one
drum is one-eighth of the scram rate, the insertion rate for the inward stepping drum
was also doubled (to 50 steps/min). The 550-kilowatt scram limit was reached quicker
and the maximum temperatures are lower than for the run of figure 11. The maximum
reactor AT was again equal to the safety limit of 56 K (100° F) but occurred sooner -
at 50 seconds. The peak fuel temperature reached a maximum of 1008 K (13550 F).

The maximum reactor outlet temperature was 938 K (1230° F).

14
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The computer run on figure 13 assumed that the malfunctioning control drum con-
tinued to step inward after the scram began. During the scram, reactivity was removed
at six-eighths of the normal scram rate, because seven drums were stepping outward
and one was stepping inward. The maximum peak fuel temperature was 1027 K (13900 F).
This is only 5 K (100 F) higher than the run in figure 11. Reactor AT was again about
56 K (100° F) at 80 seconds. ' Comparison of these two runs shows that it makes very
little difference whether or not the drum continues to malfunction after the scram begins.

These reactivity insertion runs show that the reactor can be protected against
reactivity insertion from one malfunctioning control drum. Marginally adequate pro-
tection consists of a scram limit of 550-kilowatt power and a scram rate of 200 or 400
steps per minute. Other scram rates and lower reactor power scram limits might pro-

These reactivity insertion runs show that the reactor can be protected against
reactivity inseriton from onw malfunctioning control drum. Marginally adequate pro-
tection consists of a scram limit of 550-kilowatt power and a scram rate of 200 or 400
steps per minute. Other scram rates and lower reactor power scram limits might pro-
vide more protection.
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Figure 13. -Reactivity insertion malfunction. Drum continues to malfunction during
scram. (Gas flow steps to zero when turbine inlet temperature falls to 644 K (7000 F).)
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- CONCLUSIONS

Of the malfunctions studied, loss of reactor coolant flow imposed the most severe
transient conditions upon the reactor; for such a malfunction some damage such as
fuel element cracking might occur. The other malfunctions considered should not
damage the reactor.

With loss of coolant flow to 1 percent of design and use of the proposed scram rate,
the reactor would exceed the peak fuel temperature and reactor AT design limits by a
wide margin. Two methods found to moderate the transients at the reactor for this
malfunction were: (1) increasing the scram rate and (2) supporting the coolant flow at
some percent of design flow. Supporting the flow at 10 percent of design was about as
effective as an instantaneous scram of the reactor in reducing peak fuel temperature.
However, both peak fuel temperature and reactor AT design limits were exceeded with
flow maintained at 10 percent of design and reactor AT was still more than twice the
design limit. Sudden loss of gas flow appeared tolerable for the reactor even with no
scram. The core temperature transients resulting from the turbine overspeed mal-
function were not a problem but reactor AT did settle out 20 percent higher than the
design limit in the overspeed condition; this should not be a problem unless the over-
speed condition continues for an extended period of time. The core temperature tran-
sients resulting from the reactivity insertion malfunction were controlled satisfactorily
by use of the proposed scram procedure. However, the maximum reactor AT was
about equal to the design limit for the three reactivity insertion runs made.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 25, 1973,
 502-25.
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APPENDIX A

REACTOR SIMULATION

The mathematical model of the reactor can be divided into two sets of equations:
(1) The reactor kinetics equations which describe the total rate of heat generation
in the fuel (power).
(2) The solid and liquid heat balances.
An additional decay heat equation is used to describe the decay of power after shutdown
of the reactor. A block diagram for the simulation is shown in figure 4. Each of
the two sets of equations and the decay heat equation are discussed in turn.

Reactor Kinetics Equation

The basic kinetics equations-used in the simulation are the following:

dc; BN

S R S W) (a1
a  x U1 a1
BN (—5—15 - 1) 6 |
dN B
= + ALC. (AZ)
dt 1% lg; 1
a Ok a Ok 2 Ok a Ok
ok _ B B B B
0= _b ATZg + AT, + ATug + Abg4 A3)
g 3T, Ty 8T, 20,4
8|dp dp &ldp dp
— N —
r N
Lower grid Fuel Upper grid Control drum
plate plate

The majority of the neutrons are produced instantaneously and are referred to as
prompt neutrons. However, a small proportion of the fissions produce isotopes which de-
cay and release neutrons after a delay period which ranges in length from 0. 3 to about
100 seconds. These neutrons are called delayed neutrons. There are six major groups
of delayed neutron precursors. The concentration of the six groups is defined by equa-
tion (A1).

Equation (A2), which determines the rate of increase of neutron flux, illustrates
the importance of the delayed neutrons. During normal reactor operation 6k/g is less -
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than one, and sustained reactor operation depends on the release of the delayed neutrons.
Because the precursors of the delayed neutrons have long half lives, changes of reactor )
power occur gradually. ’

The effect of the control drums and reactor temperatures on excess reactivity is
represented by equation (A3). Excess normalized reactivity 8k/pB is representative
of the proportion of neutrons produced in excess of the number required to sustain
exactly the nuclear reaction. When 6k/g is positive, power is usually increasing;
when it is negative, power is usually decreasing. The reactor partials of excess
reactivity with respect to temperature are negative. This causes the reactor to be
inherently stable, because increasing temperatures decrease excess reactivity which
decreases power and causes temperatures to stop increasing. Likewise decreasing
temperatures tend to cause power to rise. A discussion of reactor nucleonics is pre-
sented by Glasstone (ref. 2).

Equations (A1) and (A2) were modified slightly to permit efficient simulation on the
digital computer. In equation (A2) the time constant 7 of the prompt neutrons is
1*/ B(1-8k/pB)]. ¥ 6k/B = 0.65 dollar (which was a safe assumption in this study since

ok/B was usually negative), then
-6
T * < _5.7X10 " sec  _ 2.6><10'3 sec

3( Q) 0.0077 (1 - 0.65)
B

This time constant is much smaller than the other time constants of the system. The
prompt neutron time constant was, therefore, assumed to be zero and equation (A2) was
simplified to

BN(915 - ) 6 -
__\B + z AiCi =0 (A4_)

D.= _N &, c. (A5)

oa L Py - AD; : (A6)
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6
1
P, = D. (A7)
N i
1.0k Zi
B

Equations (A6) and (A7) are easier to inplement than equations (A1) and (A2) because the
prompt time delay * and the ratio of power to neutron flux PN/N have been eliminated.

Heat Balances

Core. - The core is divided axially into 20 sections as shown in figure 14.

e lnlet_: /4— Outlet:
/1) manifold 471 grid plate
/11 plenum L2771 plenum
/ //I' grid plate o Fuel 2y Il manifold
— 7
 —
- ' L
 cu— >
=

Core
(a) Reactor simulation schematic.

|
‘ \
' |
|
| !
|

p <Dl+x°2‘°1)
U

.
‘1

I“
o) - 0.1982 0, - 2.9434
: o—

— }
(b) Power as function of position along flow axis.

Figure 14. - Reactor heat balance schematic.

Average fuel temperatures are computed for each of 20 ""lumps.'" NaK coolant tem-
peratures are computed at each of 21 nodes. The following equations were used
to update the coolant and fuel temperatures:

_hCAcTc/wcCc) a8)

AT, (K) = [T4K) - TC(K)] (1 -e -
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T K+ 1) = T, (K) + AT, (K) (A9

dT¢(K) _[exx) ® - PR) )

at MGy CMG

Equation (A8) computes the change of temperature of a point in the fluid as it flows
past a core lump. Equation (A9) updates the nodal fluid temperatures each time the fluid
moves from one node to the next. Equation (A10) computes the rate of change of each fuel
lump temperature based on a heat balance of the internal power generation and the heat
flow to the coolant. Equation (A10) is integrated to update the fuel lump temperatures
every computer time step where P is total reactor power as a function of time, PR
represents 15 kilowatts of heat radiated to the cold wall, and Px(K) is the portion of
total reactor power allocated to the Kth lump. Px(K) is evaluated by the following equa-
tion (A11) and illustrated in figure 13(b). This equation represents a chopped sine distri-
bution of power. ' |

(A10)

cos 0.1982 + 2.7452 (K - 1) _ cos 0.1982 + 2. 71452 K

). = NL (Aa11)
SR cos(0. 1982) - cos(2. 9434) |

Grid plates. - The grid plates support the fuel rods. They are shown in figure 13(a)
at the ends of the fuel core. The equations for the grid plate coolant and for the grid
plate are the following:

w C .
- g gp/ ce
Tep,out = Tgp* (Tgp,in = Tgp)® (a12)
dT (T . -T ) :
gp _ w,C, gp,in _ “gp, out (A13)
dt M_C

gp gp

Equation (A12) computes the change of temperature of a point in the fluid as it flows
through the grid plate. The grid plate is assumed to have high heat conductivity and,
therefore, to have a uniform temperature. Time variations of the grid plate temperature
are computed by integrating equation (A13). This equation represents a heat balance be-
tween the grid plate and the coolant. :

Plenums and manifolds. - There are two plenums and two manifolds. The relative

locations of these four regions with respect to the reactor core is shown in figure 14(a).
The temperature in each region was assumed to be uniform. Incoming flow was assumed
to mix perfectly with the fluid within the region. The equations for the plenums and mani-
folds are the following: ’
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dT w
_pl_ - _c 14
dt (Tpl, in Tpl) M (A14)
pl
dT w
man _ _ c__
T - (Tman, in Tman) ﬁ“ (A15)
man

Time variations of the plenum and manifold temperatures are computed by integrating
equations (A14) and (A15).

Decay Heat Equation

Two forms of decay heat equation were used in the reactor simulation. The first
form (eq. (A16)) was used to describe the decay of power during a normal scram.

1

(t+ 1)0. 58

P=Pyg+ (P P (A16)

initial = PN
This equation represents the assumed effect of the decay heat in preventing power from
decreasing as fast as the nucleonics equations (A6) and (A7) would allow.

The second form of the decay equation is for the instantaneous scram. This equation
assumes excess reactivity goes to minus infinity at time 0. PN from equation (A7)
would, therefore, go to zero at time 0. The following equation is derived by setting
PN in equation (A16) to zero:

1
P=DP. ., ————
initial 0.58

t+1)

(A17)

When initial power is 336 kilowatts, equation {A17) describes the curve shown
in figure 15.
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Reactor power generation after shutdown, P, kW
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Figure 15. - Assumed power decay curve for reactor after shutdown.
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APPENDIX B

SIMULATION CONSTANTS
Reactor Constants

Temperature coefficients of reactivity, dollars/K; dollars/°F

Outletgridplate , . . . . . . . . v v v i i e e e e i e e . -0.00054; -0.0003

Averagefuel , , ., . . . . . . ... ... .. e e -0.0018; -0.001

Inletgridplate. . . . . ... ... ... ... ..., .. -0.00126; -0.0007
Heat capacities, MC, J/K; Btu/°F ~

Fuel and cladding
Inletgridplate, , ., ., ... ... ... .......... ...,
Outlet grid plate

---------------------------

Heat conductances, hA, J/(sec)(K); Btu/(sec)(oF)

9.54x10%; 49.8

1.04x10%; 5.5
8.94x10%; 4.7

Fuel to NaK coolant , . . . ... ... e, 6.3x103; 3.32
Flat surface of inlet grid plate . . . . . . v o v e e 5. 88x102; 0. 31
Cylindrical surface of inlet grid plate holes . . . ... . .. e .. 2 20><103; 1.16
Flat surface of outlet grid PIate. « « « v o v v v v v o e e e e 3. 79x10%; 0.20
Cylindrical surface of outlet grid plate holes . . . ... . ... .. 1. 92><103; 1.01
Mean effective neutron life, 2%, S€C . . . & . . . v v v v e e e e e 5. '7><10"6
Fractions of delayed neutrons
B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 0.00766
Bl/ B e e e e e e e e e e e e e e e e e e e e e e e e 0.03297
BB o o e 0.2194
33/3 ...................................... 0. 1960
34/ B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 0.3947
35/ B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e . 0.1150
36/ . e e e e e e e e e e e e e e e e e e e e e 0.04193
Decay constants, sec™1
T 0.0124
S 0.0385
A e e e e e e e e e e e e 0.1111
A o e e e e e e e e e e e e e 0. 301
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1.13

B e e e s e e e et e e e e e e e e e e e e e e e e e e e e e e e

G e e 3.00
NaK inventories, Mc, kg; lbm

00 3 = 2.84; 6.20

Outlet PIENUIM .« « v v v v v v v v e e v e e v e v o s et e e 7.48; 16.5

Qutlet manifold . . . . . . . . . v i i s et e e e e e e e e e e e s 21.8; 48.0

Inletplenum . . . . . v v o v v v v b bt e e e e e e e e e e e e s 8.75; 19.3

Inlet manifold . . . . . . & 0 0 i it e e e e e e e e e e e e e e e e e 21.8; 48.0
NaK specific heat, C_, J/&e)(K); Btu/(bm)CF). . . . ... ... ... .8.78><102; 0.21
Deadband temperature control limits, K; OF

T IOWET « « « vt 4 o+t v e v o 0 s o o o o o s o o a s s s e o s e 913; 1185

T upper . . .. .. e e e e e e e e e e e e e e e e e e e e e e 933; 1220
Maximum temperature safety limits, K; “F

Reactor NaKoutlet , , . . ., . . ... ... ............... 950; 1250

Fuel . .. ... .... ... et e e et e e e e e e e e e e e e 1033; 1400
Reactivity per control drum step, dollars , , . . . . ... ... .. ....... 0. 005
Minimum time between control drum steps in same direction (for ’

deadband controlonly), SEC . « v ¢« 4 4 Ve 4. e e e w0 . e e e e e e e e 60

Heat Exchanger Constants

Heat transfer coefficients at design flow, h, J/(sec) (m YK); Btu/(hr)(ft )(0 F)

Gas side. .« . . L i e e e e e e e e e e e e e e e e e e e e e e e e .. 130; 23

NAK SI0E « v v v v e e e e e e e e e e e 1.11x10%; 1960
Heat transfer areas, A mz' ft2

? “HT? ’

Gas side. . v v v i e e e e e e e e e e e e e e e e e e e e e e e e s 40.3; 434

NaK side . . . o 0 i i i e e s e e e et e e e e e e e e e e e e e 4.5; 48
NaK inventory, Mc’ kg; Ibm . . L s s e e e e e e e e e e e e e e e e 6.8; 15
Massof metal, Kg; Ibm . . . . . . . . . v i i it e e e e e e e e . 66.2; 146
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Specific heats, C, J/(kg)(K); Btu/(lom)(°F)

Metal. o o ot e e e 3. 85%10%; 0.092
GAS | v v e e e e e .. ... 5.19x10%; 0.124
Co0lant (NAK) « « « v v v v e e e e e e e e e 8. 78x10%; 0.21
Other Constants
Reactor loop pipe (NaK) inventories, kg; lbm
Reactor outlet manifold to standby heat exchanger . . . . . . . ... .. .. 4.5; 10
Between heatexchangers . . . . . . ¢« . i v 0 i i o v o o v o v e e e 3.2; 1
Heat exchanger to reactor inlet manifold . . . . . . ... ... ... .. .. 22.7; 50
Gas pipe constants
Heat exchanger to turbine:
Mass of metal, kg; (Ibm) . ... ................... 46. 3; 102
Gas to metal heat conductance, J/(sec)(K), Btu/(sec)(OF) .. 6. 83><102; 0.36
Metal specific heat, J/(kg)(K); Btu/(ft?)(sec)CF) . + . . . . . . 4.20x10%; 0.10

Heat transfer coefficient, J/(m2)(sec)(K), Btu/(ft )(sec)(oF) . 3. 06><102 0.015

Recuperator to heat exchanger:
Mass of metal, kg; Ibm. . . . . . . . . . . i i i i s e e e e e e 64.4; 142
Gas to metal heat conductance, J/(sec)(K); Btu/(sec)CF). . . 9. 55><102; 0.504

Recuperator temperature time constant, sec . . . . ... ... ... ... ...... 10
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APPENDIX C

SYMBOLS

heat transfer area, mz; £t2 {

cross-sectional flow area, mz; ft2

specific heat, J/(kg)(K); Btu/ (tbm) (°F)

" concentration of delay neutron precursors of ith group, precursors/ m3

contribution to power from ith group of delayed neutron precursors, kW

heat transfer coefficient, J/ (sec)(mz)(K); Btu/ (sec)(ftz)(oF)

mean effective neutron lifetime, sec

mass, kg; lbm

neutron density, neutrons/m3

number of lumps

total reactor power, kW

reactor power just prior to initiation of shutdown, kW

power calculated from kinetics equations equal to total reacto.r power except
during scram, kW

power radiated to cold wall, kW

portion of total power allocated to Kth lump, dimensionless
perimeéter of cross-sectional flow area, m; ft
temperature, K; Of

time, sec
volume, m3; ft3

velocity, m/sec; ft/sec

flow rate, kg/sec; lbm/sec

distance, m; ft

fraction of total neutrons that are delayed

fraction of total neutrons that are delayed neutrons in ith delay group
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ok/B

change from reference value (eq. (3)) or change from previous value (eqs. (8)
to (10))

excess reactivity, dollars

decay constant of delayed neutron precursor of ith group, sec'1
position of control drum, rad

time constant associated with prompt neutrons, sec

fluid dwell time in one lump of core, sec

Subscripts:

c
cf
dp

f

gp

i

in

k

lg
man
out
pl
ug

28

coolant

core to fluid
design point
fuel

grid plate

ith delay group
inlet fluid

kth node

lower grid plate (inlet)
manifold
outlet fluid

plenum

upper grid plate (outlet)
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