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A nuclear reactor module includes a reactor vessel containing coolant, a reactor core submerged In the coolant, and a heat
exchanger configured to remove heat from the coolant. The nuclear reactor module further includes one or more heaters
configured to add heat to the coolant during a startup operation and prior to the reactor core going critical.
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(57) Abstract: A nuclear reactor module includes a reactor vessel con-
taining coolant, a reactor core submerged in the coolant, and a heat ex-
changer configured 10 remove heat from the coolant. The nuclear reac-
tor module further includes one or more heaters configured to add heat
to the coolant during a startup operation and prior to the reactor core
going critical.
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STARTUP SYSTEM FOR A NUCLEAR REACTOR

Background

In nuclear reactors designed with passive operating systems, the laws of physics are
employed to ensure that safe operation of the nuclear reactor 1s maintained during normal
operation or even in an emergency condition without operator intervention or supervision, at least
for some predefined period of time. A Multi-Application Small Light Water Reactor project
conducted with the assistance of the Idaho National Engineering and Environmental Laboratory,
NEXANT and the Nuclear Engineering Department of Oregon State University sought to develop
a safe and economical natural light water reactor. Figure 1 illustrates a nuclear reactor design 5
that resulted from this project.

The nuclear reactor design 5 includes a reactor core 6 surrounded by a reactor vessel 2.
Water 10 in the reactor vessel 2 surrounds the reactor core 6. The reactor core 6 1s further located
in a shroud 22 which surround the reactor core 6 about its sides. When the water 10 1s heated by
the reactor core 6 as a result of fission events, the water 10 is directed from the shroud 22 and out
of a riser 24. This results in further water 10 being drawn into and heated by the reactor core 6
which draws yet more water 10 into the shroud 22. The water 10 that emerges from the riser 24
is cooled down and directed towards the annulus 23 and then returns to the bottom of the reactor
vessel 2 through natural circulation. Pressurized steam 11 is produced in the reactor vessel 2 as
the water 10 1s heated.

A heat exchanger 35 circulates feedwater and steam in a secondary cooling system 30 in
order to generate electricity with a turbine 32 and generator 34. The feedwater passes through the
heat exchanger 35 and becomes super heated steam. The secondary cooling system 30 includes a
condenser 36 and feedwater pump 38. The steam and feedwater in the secondary cooling system
30 are isolated from the water 10 in the reactor vessel 2, such that they are not allowed to mix or
come into direct contact with each other.

The reactor vessel 2 is surrounded by a containment vessel 4. The containment vessel 4 1s
placed in a pool of water 16. The pool of water 16 and the containment vessel 4 are below
ground 9 in a reactor bay 7. The containment vessel 4 is designed so that water or steam from the

reactor vessel 2 is not allowed to escape into the pool of water 16 or the surrounding
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environment. In an emergency situation, steam 11 1s vented from the reactor vessel 2 through a

steam valve 8 into an upper half 14 of the containment vessel 4, and water 10 flashes as 1t 18
released through a submerged blowdown valve 18 which 1s located 1n a suppression pool 12. The
suppression pool 12 includes sub-cooled water.

The nuclear physics and thermal hydraulics of a natural circulation nuclear power reactor
are tightly coupled. The reactor core 6 generates the heat that creates the buoyancy needed to
drive the flow through the loop. The flowing water in the reactor vessel 2 serves both as the
reactor core coolant and as the fluid moderator that slows down the neutrons produced by the
fission process in the reactor core 6. The fluid moderator temperature strongly affects the nuclear
fission process that generates the heat in the reactor core 6. In turn, the fluid moderator
temperature is governed by the reactor core power and fluid flow rate.

The tight coupling between the nuclear physics and the thermal hydraulics makes startup
of a natural circulation nuclear reactor potentially unstable when the control rods are
withdrawn to achieve core criticality to the point of adding heat to the fluid.

The present invention addresses these and other problems.

SUMMARY

A stable startup system 1s herein disclosed as including a reactor core housed in a reactor
vessel, and a heat sink configured to remove heat from the reactor vessel. The stable startup
system further includes an electrically powered heater configured to add heat to the reactor vessel
prior to an initialization of the reactor core.

A nuclear reactor module is herein disclosed as including a reactor vessel containing
coolant, a reactor core submerged in the coolant, and a heat exchanger configured to remove heat
from the coolant. The nuclear reactor module further includes one or more heaters contigured to
add heat to the coolant during a startup operation and prior to the reactor core going critical.

A method of startup for a nuclear reactor is herein disclosed, wherein the method includes
activating a heating system to increase a temperature of a primary coolant. The method also
includes removing heat from the primary coolant, wherein a difference in liquid density results in
natural circulation of the primary coolant through a reactor core. The method further includes

deactivating the heating system and initializing the reactor core to achieve criticality.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a nuclear power system known in the art.

FIG. 2 illustrates a novel power module assembly including a stable startup system.

FIGS. 3A and 3B illustrate a rate of change of operating conditions for a first example
power transient.

FIGS. 4A and 4B illustrate a rate of change of operating conditions for a second example
power transient.

FIGS. 5A and 5B illustrate a rate of change of operating conditions for a third example
power transient.

FIG. 6 1llustrates a further embodiment of a stable startup system.

FIG. 7 illustrates yet another embodiment of a stable startup system.

FIG. 8 illustrates a method of operation of a stable startup system.

DETAILED DESCRIPTION

Passive reactor systems, including those that rely on natural circulation, have a reduced
number of mechanical moving devices, motors, pumps and connections compared to
conventional systems that might require servicing or continual maintenance during the life of the
reactor. A certain level of maintenance of the reactor may be acceptable when the fuel 1s
changed, or during a mid-point of the reactor life. However, by reducing or eliminating the
number of maintenance periods the reactor may be made operational for longer durations
thereby increasing efficiency and effectively reducing the cost of the energy that 1t produces.

FIG. 2 illustrates a novel power module assembly 25 including a stable startup system 20.
The stable startup system 20 may generate heat to provide initial tluid tflow and establish
operating temperature and pressure conditions for the power module assembly 25. In one

embodiment, the operating temperature may be about 289 degrees Celsius. The power module

assembly 25 may rely on natural circulation for normal cooling of its reactor core 6. Natural

circulation of the coolant within the power module assembly 25 occurs due to the differences in
temperature of the coolant 45 as it is being simultaneously heated by the reactor core 6 and
cooled by a heat sink 26 during operation. In one embodiment, the heat sink 26 comprises a heat
exchanger.

Experiments conducted at Oregon State University demonstrated that startup of a natural

circulation nuclear reactor may cause a large slug of cold water to enter the reactor core 6 while
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at critical conditions. The rapid temperature reduction in the fluid moderator, or coolant 45, may

result in a rapid increase in reactor core power or a power excursion when control rods are
initially removed from the reactor core 6. If the power excursion is too great the control rods may
be lowered, decreasing the amount of heat generated by the reactor core 6. A cyclical removal
and insertion of the control rods increases the complexity and time required to reach operating
temperatures, and ultimately leads to a longer startup period as well as additional supervision
during operation of the power module assembly 25.

If the control rods are raised in a controlled manner, the temperature of the coolant 45 can
be made to slowly rise such that effect of the coolant slug 1s minimized. However, this process
can take upwards of a week for the reactor coolant 45 to reach operating temperatures. In
addition, the rate of removal may vary according to the age and condition of the fuel in the
reactor core 6 to account for differences in fission rates or chemistry of the coolant 45.

Prior to startup of the power module assembly 25, the reactor core 6 may be in a cold
shutdown condition with control rods inserted. A pressurizer system 55 may be provided to
increase system pressure by promoting local boiling of fluid in the upper head space 65 of the
reactor module assembly 25. The increased system pressure permits the coolant 45 flowing
through the reactor core 6 to reach operation temperature without bulk boiling in the flow
path. The pressurizer system 55 may include one or more heaters and sprays. The heaters
may be covered with fluid, such as water, to promote the generation of steam. In one
embodiment, the pressurizer system 55 does not include a spray. Lower operating pressures
of the reactor system and higher pressure limits of the reactor vessel 2 may allow the power
module assembly 25 to moderate the pressure level without a spray.

The stable startup system 20 may be activated or energized to add heat to the coolant 45.
In one embodiment the coolant 45 comprises water. The coolant 45 that flows up through the
riser 24 1s warmed by the stable startup system 20. The one or more heat sinks 26 are configured
to remove heat from the coolant 45. By locating the stable startup system 20 at an elevation below
the one or more heat sinks 26, a buoyancy force is created that drives warm coolant Ty up through
the shroud 22 and riser 24. The coolant 45 that flows through the one or more heat sinks 26 1s
relatively cold compared to the warm coolant Ty. The cold coolant T tlows down through the
annulus 23 into the lower plenum 28 of the reactor vessel 2. This creates a density difference
between the warm coolant Ty in the riser 24 and the cold coolant T in the annulus 23, further

creating a fluid flow 40 through the reactor core 6. The rate of heat removal by the heat sink 26
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versus the rate of heat addition by the stable startup system 20 may be used to control the

coolant temperature in the reactor core 6 during startup of the power module assembly 235.

The stable startup system 20 may configured to generate fluid flow through the reactor
core 6 without withdrawing control rods, thereby avoiding a nuclear power excursion during
reactor startup. The stable startup system 20 simulates the reactor core 6 operation during
initialization or startup of the reactor core. However, the stable startup system 20 does not
introduce a cold coolant slug to the reactor core 6. The stable startup system 20 may include a
set of heaters, for example in the pressurizer system 55, that are 1solated from the main flow path
40, to provide pressure control for reactor startup. Depending on the start-up system contiguration,
the heaters can also serve to increase coolant temperature. The stable startup system 20 can also
include sets of heaters located in the riser 24 or shroud 22, and at various elevations below the
heat sink 26. The heat sink 26 may be located outside of the riser 24 or shroud 22 regions. The
density difference created by the stable startup system 20 and the heat sink 26, coupled with the
elevation difference Ly, provides a buoyancy force that drives a natural circulation tlow 40

through the reactor core 6.

EVALUATION OF COLD WATER INJECTION TRANSIENT DURING STARTUP

The stable startup system 20 of FIG. 2 provides heating power for the initiation of natural
circulation in the reactor primary coolant system. The effect of an instantaneous change in the
temperature of the coolant inlet of the power module assembly 6 may be modeled at a
variety of startup power ranges. Analyzing the range between 1% power and 20% power, the

data for multiple simulations is listed in the tables below.

% Power Power Density | T¢ j - Tmo
MW/m’) | (C) | (C) | (C
1 1.89 30.5 17.92 | 16.91
2 3.78 456 | 2041 | 18.39
4 7.56 75.9 | 2547 | 21.44
6 11.34 106. | 30.67 | 24.62
3 15.12 137. | 36.05 | 27.99
10 18.89 168. | 41.60 | 31.53
12 22.67 190, | 47.37 | 35.28
14 26.45 230. | 53.35 | 3924
16 30.23 261. 50.59 | 4347
18 34.01 293, | 66.12 | 47.98
20 37.79 325. | 7296 | 52.81

Table 1: Initial conditions for cold water insertion transients.
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The energy conservation equation and the integrated momentum equation may be used to
determine the flow rates and heat-up rates that can be achieved. Initial conditions may be selected
such that the reactor core 6 1s in a steady-state or critical operating condition. A six-group
delayed neutron treatment was used in the simulations described herein, assuming data solely for
the fissile 1sotope *PU. Values of reactivity coefficients may be chosen to be representative of

standard light water reactor fuel.

ESTIMATING STARTUP FLOW RATES

Changes in the natural circulation flow rate may occur over a slow time scale.
Therefore, the steady-state solution of the momentum equation integrated along the loop axis 1s
suitable for this analysis. It basically provides a balance between friction force and buoyancy
force due to density variations in the heating/cooling loop. The resulting tluid velocity in the

reactor core can be expressed as:

Uco™ /6 quthg 13

paCpRp
where:
Ueo coolant velocity in the reactor core 6
b thermal expansion coefficient of coolant 45
Jin heating rate
L, center distance between the heater and the cooler
g gravitational constant
P liquid density
ac liquid flow area in the reactor core
C, heat capacity of fluid
Ry dimensionless loop resistance
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Table 2 demonstrates example numerical results for the mass flow rate and coolant velocity

as functions of the heating power. It may be determined that 19% of the nominal core flow

rate can be established using a stable startup system including 1 MW heaters.

AT

Gin( M W) Uco (MV/S) Mass Flow Rate (kg/s)
5 0.166247379 136.46
4.8 0.164000518 134.61
4.6 0.161690343 132.72
4.4 0.159312199 130.76
4.2 0.156860852 128.75
4 0.154330396 126.67
3.8 0.151714121 124.53
3.6 0.149004359 122.30
3.4 0.146192282 119.99
3.2 0.143267648 117.59
3 0.14021847 115.09
2.8 0.137030576 112.47
2.6 0.133687024 109.73
2.4 0.130167297 106.84
2.2 0.126446176 103.79
2 0.122492116 100.54
1.8 0.118264838 97.07
1.6 0.113711608 93.33
1.4 0.10876124 89.27
1.2 0.103313852 84.80
1 0.097222557 79.80
0.8 0.090252963 74.08
0.6 0.082000259 67.31
0.4 0.071633824 58.80
0.2 0.056855804 46.67
0 0 0.00

Table 2. Heating power versus coolant flow rate and velocity

FIGS. 3A and 3B illustrate a rate of change of operating conditions for a first example
power transient of 1%. FIGS. 4A and 4B illustrate a rate of change of operating conditions for a
second example power transient of 10%. FIGS. 5A and 5B illustrate a rate of change of operating
conditions for a third example power transient of 20%. For the different example power
transients of FIGS. 3-5, curves for power density P and reactivity R of the reactor are
shown in FIGS. 3A, 4A and 5A, and curves for moderator temperature Ty, inlet
temperature Ty and fuel temperature Ty are shown in FIGS. 3B, 4B and 5B.

Table 3 illustrates a stable startup system heat up transient over a 24 hour period of time.
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The stable startup system 20 may reduce the reactor startup time from more conventional periods

of one week, where control rods are controllably removed from the reactor core, to one day or

less.

t (hrs) T - Degrees C

0 20.0
1 31.0
2 41.9
3 52.9
4 63.9
0 74.9
6 85.8
/ 96.8
8 107.8
9 118.7
10 129.7
11 140.7
12 151.7
13 162.6
14 173.6
15 184.6
16 195.6
17 206.5
18 217.5
19 228.5
20 239.4
21 250.4
22 261.4
23 2724
24 283.3

Table 3. Startup system heat up transient

The example simulations illustrated in FIGS. 3-5 clearly show that a slug of cold water
introduced into the reactor core 6 causes a reactivity increase (due to a negative moderator
temperature coefficient), which then initiates a damped power excursion. For low initial
powers, no significant oscillations are observed, and the reactor core 6 undergoes a smooth
and relatively small (~factor of 2) increase in power. For larger initial powers and
relatively cooler water slugs, the power density P and reactivity R changes are relatively
large, and the transient occurs over a much shorter time scale. In the 5% power case, the cold

water insertion causes power density P to increase by a factor of ~14, and reactivity R reaches
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85% of prompt supercritical. In this case, the fuel temperature Tr also increases by nearly a

factor of 2 in approximately 5 seconds. Gradually heating up the coolant 45 before pulling
control rods will minimize the effect of this type of transient.

FIG. 6 illustrates a further embodiment of a stable startup system 60. The operation of the
system 1s similar to the embodiment described with respect to FIG. 2, but the stable startup
system 60 is located under the reactor core 6. Locating the stable startup system 60 below the
reactor core 6 prevents cold coolant T¢ from entering the reactor core 6 which might otherwise
result in reactivity insertion. Also, by locating the stable startup system 60 below the reactor
core 6, more space may be made available for operation of the control rods that occupy a portion
of the riser 24. A stronger circulation results due to the maximized elevation difference Lty
between the stable startup system 60 and the heat sink 26.

The stable startup system 60 may include one or more heaters positioned below the
reactor core 6. The heaters may be electric heaters. Prior to startup of the power module
assembly 25, the reactor core 6 may be in a cold shutdown condition with control rods
inserted. The one or more heat sinks 26 are configured to remove heat from the coolant 45. The
pressurizer system 55 may be configured to increase a system pressure in the reactor vessel 2 by
local boiling of fluid (e.g. water) in the upper head space 65 of the reactor vessel 2. The
increased pressure permits the coolant 45 1n the reactor vessel 2 to reach operation temperature
without bulk boiling in the flow path 40.

The stable startup system 60 may be initiated to create a density difference between the
coolant in the riser 24 and the coolant in the annulus 23. By locating the heaters of the stable startup
system 60 at an elevation below the heat sink 26, a buoyancy force may be created that drives warm
coolant Ty up through the shroud 22 and riser 24 and cold coolant T¢ down through the annulus 23
into the lower plenum 28. This creates a natural circulation flow through the reactor core 6. The
rate of heat removal by the heat sink 26 versus the rate of heat addition by the stable startup
system 60 may be used to control the coolant temperature in the reactor core 6. The differential
in heat addition to heat removal increases the fluid temperature to operating conditions.

FIG. 7 illustrates yet another embodiment of a stable startup system 70 wherein a
circulation pump 75 is employed. The circulation loop 85 may include the existing Chemical and
Volume Control System (CVCS) of the pressurizer system 55. The circulation pump 75 and an
extraction line 90 partially draw hot fluid from the pressurizer system 55 located at the upper

head space 65 of the reactor vessel 2. The stable startup system 70 may also include valves V1,
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V2, V3 and one or more nozzles 80 to control the flow of coolant in the circulation loop 85 and

deliver the hot coolant Ty to the annulus 23.

The nozzles 80 may be injection or inductor nozzles, for example. Heating up the primary
coolant system may be done by the heaters 100 in the pressurizer system 55. In one embodiment, the
circulation pump 75 and circulation loop 85 are located external to the reactor vessel 2. In another
embodiment, one or both of the circulation pump 75 and circulation loop 85 are located within the
reactor vessel 2. The circulation pump 75 may increase the rate of coolant flow within the
reactor vessel 2 to be greater than that provided by natural circulation alone. In one
embodiment, a pressurizer system is located in the lower plenum 28 of the reactor vessel 2,
and steam 1s piped to the upper head space 65.

Prior to startup of the power module assembly 25, the reactor core 6 may be in a cold
shutdown condition with its control rods inserted. The one or more heat sinks 26 may be
configured to remove heat from the coolant 45. The pressurizer system 55 may be configured to
increase a system pressure in the reactor vessel 2 by local boiling of fluid (e.g. water) in the upper
head space 65 of the reactor vessel 2. The increased pressure permits the coolant 45 in the
reactor vessel 2 to reach operation temperature without bulk boiling in the flow path 40. The
circulation pump 75 initiates an internal circulation within the reactor vessel 2 by pumping coolant
45 out of one or both of the pressurizer system 55 and the riser 24 via extraction lines 90, 95 and
then injects the coolant 45 back in the annulus 23 through the one or more nozzles 80. The one or
more nozzles 80 may be configured to expel the hot coolant Ty at an elevation below the heat
sink 26. In one embodiment, the circulation loop 85 utilizes existing CVCS distribution lines or
pipes. In one embodiment, the circulation pump 75 1s a CVCS pump.

Hot fluid in the pressurizer system 55 joins the circulation loop 85, heating up the coolant

45 in the primary coolant system to the nominal or operating temperature. The rate of heat
removal by the heat sink 26 versus the rate of heat addition by the stable startup system 70 may
be used to control the coolant temperature in the reactor core 6. When the coolant 45 in the
power module assembly 25 reaches operating pressure and temperature, control rods start to
withdraw from the reactor module 6. The increasing heat removal rate from the heat sink 26
balances the power production rate, leading to the full power condition when the flow of coolant
45 through the circulation loop 85 can be steadily terminated.

FIG. 8 illustrates a method of operation of a stable startup system, such as the example
stable startup systems 20, 60, 70 described with respect to FIGS. 2, 6 and 7. At operation 110,

10
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the heating system is activated to increase a temperature of a primary coolant such as coolant 45
of FIG. 2. In one embodiment, the primary coolant is heated by a heating system comprised of
one or more ¢lectric heaters. The heating system may be located below the reactor core 6. In
another embodiment, the heating system is located above the reactor core.

At operation 120, heat is removed from the primary coolant, wherein a difference in liquid
density results in natural circulation of the primary coolant through the reactor core. In one
embodiment, the heat is removed from the primary coolant by a heat exchanger.

At operation 130, the temperature of the primary coolant is monitored. The heating
system 1s deactivated after the coolant has achieved an operating temperature. In one
embodiment, the operating temperature identifies a coolant temperature associated with a low
power steady state condition of the reactor core.

At operation 140, the heating system is deactivated. Where the heating system includes
electric heaters, the heating system may be deactivated by removing the flow of current to the
heaters.

At operation 150, the reactor core is initialized to achieve criticality. The reactor core
may be imitialized, or activated, by removing control rods to increase the rate of fission events. In
one embodiment, the reactor core is initialized after the heater is deactivated. In another
embodiment, the reactor core is initialized before the heater is deactivated.

The heating system i1s reactivated to control an operating pressure of the nuclear reactor
after the reactor core has achieved criticality. The heating system may be reactivated atter the
reactor has been operating at steady state for a period of time. The heating system may be
reactivated to increase the pressure within the reactor vessel.

The power module assembly 25 of FIGS. 2, 6 and 7 may be configured to operate in a

containment vessel and in a submerged pool of water such as that illustrated in FIG. 1,
however the principles described herein apply to other reactor designs as well.

Although the embodiments provided herein have primarily described a pressurized light
water reactor, it should be apparent to one skilled in the art that the embodiments may be applied
to other types of nuclear power systems as described or with some obvious modification. For
example, the embodiments or variations thereof may also be made operable with a boiling water

reactor or a heavy water reactor. A boiling water reactor may require larger vessels to produce

the same energy output.
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The amount of heat generated by the stable startup system, the rate of change of coolant
temperature, and the rate of change of power density, as well as other rates and values described
herein are provided by way of example only. Other rates and values may be determined through

experimentation such as construction of full scale or scaled models of the nuclear reactor.
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CLAIMS

1. A startup system for a nuclear reactor comprising:

a pressurized reactor vessel;

a reactor core housed 1n the reactor vessel, wherein the reactor core is submerged in a

primary coolant of the nuclear reactor, and wherein the reactor core is located beneath a riser;

a heat sink configured to remove heat from the primary coolant after it has passed

through the riser of the reactor vessel; and

a heater configured to add heat to the primary coolant contained within the reactor vessel,
wherein the heater is configured to add the heat into the riser at a point that is below the heat
sink, and wherein the point is above the reactor core, to cause a density difference in the primary

coolant that drives the primary coolant through the reactor core via natural circulation prior to an

initialization of the reactor core to achieve reactor criticality.

2. The system according to claim 1, wherein the heat sink comprises a heat

exchanger of a secondary cooling system.

3. The system according to claim 1, wherein the heat sink is located at an elevation

above the reactor core.

4, The system according to claim 1, wherein the elevation of the heater is above the

reactor core.

5. The system according to claim 1, wherein the heater is located at least partially

within a shroud that surrounds the reactor core.

13
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6. The system according to claim 1, wherein the heat added by the heater is used to

control pressure within the reactor vessel after the imtialization of the reactor core.

7. A nuclear reactor module comprising:
a pressurized reactor vessel containing primary coolant;
a reactor core submerged in the primary coolant;

a riser located above the reactor core;

one or more heaters configured to increase a temperature of the primary coolant of the
nuclear reactor module prior to an initialization of the reactor core by adding heat to the primary

coolant at a point located within the riser, wherein the point is located above the reactor core;

a heat exchanger configured to remove the heat from the primary coolant after it has
passed through the riser, wherein the heat exchanger is located within the reactor vessel at an
elevation that 1s above the point within the riser that the heat 1s added, and wherein a difference
in liquid density of the primary coolant within the riser and at the heat exchanger results in

natural circulation of the primary coolant through the reactor core prior to initialization ot the

reactor core;

means for deactivating the one or more heaters; and

means for initializing the reactor core to achieve criticality.

8. The nuclear reactor module according to claim 7, wherein the one or more heaters
heat the primary coolant to an operating temperature that provides for the natural circulation of

the primary coolant from the heat exchanger to the one or more heaters and through the reactor

COrc¢.

0. The nuclear reactor module according to claim 8, wherein the reactor core i1s

caused to go critical after the primary coolant reaches the operating temperature.
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10.  The nuclear reactor module according to claim 7, wherein the point at which the

one or more heaters add the heat to the primary coolant is located below the heat exchanger.

11.  The nuclear reactor module according to claim 7, wherein the one or more heaters

are further configured to control a pressure in the reactor vessel after the reactor core has gone

critical.

12.  The nuclear reactor module according to claim 7, wherein the one or more heaters

comprise electric heaters.

13. A method of startup for a nuclear reactor comprising:

activating a heating system to increase a temperature of a primary coolant of the nuclear
reactor prior to an initialization of a reactor core located within a pressurized reactor vessel,
wherein the heating system is configured to add heat to the primary coolant at a point that 1s

located within a riser, and wherein the point is located above the reactor core;

removing heat from the primary coolant with a heat exchanger located within the reactor

vessel at an elevation that 1s above where the heat 1s added to the primary coolant in the riser

circulating the primary coolant through the reactor core, wherein a difference 1n liquid
density of the primary coolant in the riser and at the heat exchanger results in natural circulation

of the primary coolant through the reactor core prior to the initialization of the reactor core;

deactivating the heating system; and

initializing the reactor core to achieve criticality.

14.  The method according to claim 13, wherein the heating system comprises one or

more heaters.
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15.  The method according to claim 13, further comprising reactivating the heating
system to control an operating pressure of the nuclear reactor after the reactor core has achieved

criticality.

16.  The method according to claim 13, further comprising monitoring the temperature
of the primary coolant, wherein the heating system is deactivated after the primary coolant has
achieved an operating temperature associated with a low power steady state condition of the

reactor core.

17.  The method according to claim 14, wherein the one or more heaters are located at

an elevation that is above the reactor core.

18.  The method according to claim 13, wherein the reactor core 1s imtialized to

achieve criticality after the heating system 1s deactivated.
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