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[57] ABSTRACT 
The invention relates to the control of a boiling water 
reactor in which the water circulates by natural con-
vection in the reactor tank through the core, a riser 
above the core and a downcomer. By varying the 
water level in the downcomer, the flow rate of circula-
tion and thereby the void fraction in the core and the 
reactivity are changed. The water level in the down-
comer may be adjusted by transferring water to or 
from an auxiliary reservoir. The local circulation flow 
rate may be influenced by having a graded riser and 
by the use of nozzles. 

6 Claims, 7 Drawing Figures 
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M E T H O D F O R T H E C O N T R O L O F A BOILING 
W A T E R R E A C T O R AND A B O I L I N G W A T E R 

R E A C T O R F O R P E R F O R M I N G SAID M E T H O D 
The invention relates to a method for the control of 

a boiling water reactor with natural convection circula- 5 
tion and a boiling water reactor suitable for performing 
said method. A reactor of this type usually comprises 
a reactor tank, a reactor core disposed in the reactor 
tank, a riser immediately above the reactor core, a 
downcomer, a steam chamber, a steam outlet and an 10 
amount of water, which circulates by means of natural 
convection in a circuit through the reactor core, the 
riser and the downcomer, partly evaporates in the reac-
tor core and delivers steam to the steam chamber. 

Lately it has been built a considerable number of 15 
power reactors of the boiling water type in several 
countries. Most of these reactors, however, have been 
designed for large power outputs, especially because 
the economical competitability of power reactors is 
strongly increasing with the reactor size. In large boil- 20 
ing water reactors natural convection circulation does 
not give satisfactory specific power yield of the reactor 
core. Therefore, such large boiling water reactors must 
be provided with circulation pumps or circulation ar-
rangements as disclosed in applicant's Norwegian Pa- 25 
tent Nos. 106,070 and 106,428. 

In many instances, however, it may be desirable to 
utilize relatively small power-producing reactors, of the 
order of 100 MWe or less. Such reactors may find ap-
plication in areas which are not connected to extentive 30 
joint power distribution systems, or for meeting a local 
demand of processing steam. 

The present invention aims at such simplification of 
boiling water reactors having natural convection circu-
lation, as to make them economically advantageous in 3 5 

small units. 
In practically all nuclear reactors control rods are uti-

lized for power regulation. The control rods with asso-
ciated driving means are, however, expensive due to 
the comprehensive safety demands which are made on 
these elements. Almost all reactors use their control 
rods for start up and shut down, and further for emer-
gency shut-off. Also, the contrl rods are often utilized 
during normal operation to control the reactor power 
according to temporary variations in steam consump- 4 5 

tion, to adjust the power distribution in the core and to 
compensate for the excess reactivity which the reactor 
must possess. The term "control" designates in the 
present patent application power regulation as well as 
regulations in response to temporary steam consump-
tion variations, adjustments of the power distribution in 
the core and the compensation for said excess reactiv-
ity. 

Frequent use of the control rods entails, however, in- g 5 
creased wear of the same and thus increased costs. Fur-
ther, a compensation for the excess reactivity in the 
control rods brings about an uneconomical utilization 
of the fuel. 

To avoid the use of the control rods to a greatest pos- ^ 
sible extent, adsorbers containing burnable poison have 
previously been used. In this way the excess reactivity 
may be compensated, but still the utilization of the fuel 
will be uneconomical and the temporary variations in 
steam consumption must still be compensated by ^̂  
means of the control rods. 

Also, it has been suggested to control the reactor 
power by changing the composition and/or the temper-
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ature of the moderator. In boiling water reactors the 
same water is used both for moderation and cooling, 
and usually the generated steam is transferred directly 
to a steam turbine. Therefore, it will not be suitable to 
the purpose to produce steam of varying composition 
or quality. 

It is an object of the invention to avoid the use of con-
trol rods during the operation of boiling water reactors 
with natural convection circulation, without using 
burnable poison, and at the same time to allow direct 
utilization of the developed steam. 

This is achieved by means of the method according 
to the invention by adjusting the water level in the 
downcomer in relation to the upper edge of the riser to 
control the flow rate in the core and therewith the void 
fraction in the same. Here the term "void fraction" des-
ignates the steam fraction by volume of the steam/wa-
ter mixture in the reactor core. Variations in the flow 
rate bring about changes in the void fraction. There-
with the moderation effect changes and consequently 
also the output power of the reactor. 

According to a feature of the invention the water 
level in the downcomer is determined by the pressure 
in the steam chamber. On the other hand the pressure 
in the steam chamber will be dependent on the steam 
output through the outlet. To keep the pressure of the 
steam chamber constant a valve may, according to the 
invention, be disposed in the steam outlet. This valve 
may in turn be controlled by a water level sensor in the 
reactor tank or by the steam pressure in order to keep 
the water level in the downcomer constant within 
shorter periodes of time. Consequently, the void frac-
tion will not in this case be subjected to short-time vari-
ations, and the reactor power may be kept constant 
within shorter periodes, if this is desirable. However, 
the water level must be changed periodically in the 
course of the operation period to allow for the decreas-
ing reactivity of the reactor core and the resulting 
change of the void fraction. 

To allow a transfer of water to or from the tank for 
adjustment of the water level in the downcomer, the 
water in the tank may communicate with an auxiliary 
reservoir. Hereby, said reservoir should be kept under 
constant pressure, in order to allow the pressure in the 
steam chamber to determine the water level in the 
downcomer. Thus, in this case the water surface in the 
downcomer may be kept at the desired level by means 
of free communication between the reactor tank and 
the auxiliary reservoir. 

According to another feature of the invention the 
pressure in the steam chamber is determined by the dif-
ference between the water levels in the auxiliary reser-
voir and the downcomer, respectively. 

In order to bring about the required difference be-
tween the water levels in the auxiliary reservoir and the 
downcomer, respectively, the reactor tank may, ac-
cording to the invention, be submerged in the auxiliary 
reservoir which is exposed to atmospheric pressure. An 
advantage of this method is that the pressure on the re-
actor tank walls will be far lower than the steam pres-
sure inside the tank, so that the walls need only be di-
mensioned for a fraction of the strain occuring in a cor-
responding reactor tank having a conventional loca-
tion. A reactor system where this method is employed 
in order to bring about a sufficient nominal pressure in 
the steam chamber is further described in Example 1. 
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Also, the communication with the auxiliary reservoir invention, by providing at least some of the flow sec-
may be arranged through flow controlling organs, e.g. tions with removable nozzles in their lowermost parts, 
a pump-and-valve arrangement. For instance, the central and intermediate flow sections 

Boiling water reactors are usually designed to give may be provided with nozzles during the early opera-
negative void reactivity coefficient. When, for exam- 5 tion period, whereupon the nozzles are removed to-
ple, the steam chamber pressure increases, water will wards the end of the same period. The use of nozzles 
flow from the reactor tank to the auxiliary reservoir, according to the invention will moreover have a stabi-
which causes a fall of the water level in the downcomer. lizing effect on the water flow in the flow sections or 
As the water column in the downcomer constitutes the cooling channels. 
driving force o f the circulation flow, this will result in 10 According to the invention the reactor tank may be 
a lower flow rate, which brings about an increasing void submerged in the auxiliary reservoir, the water in the 
fraction in the riser. As a result of this the reactor reactor tank communicating with the auxiliary reser-
power and consequently the steam chamber pressure voir through at least one aperture in or near the tank 
will decrease. If, however, the pressure in the steam bottom. If the auxiliary reservoir is in the form of a 
chamber decreases to begin with, the opposite chain of 15 well, substantially deeper than the vertical extension of 
cause and effect will bring about an increase of the re- the reactor tank, a very safe, and at the same time sim-
actor power and, with that, said steam pressure. Thus, pie reactor design may be accomplished, 
as the reactor all the time is endeavouring to attain a When a pipe accidentally is broken or the reactor 
steam production rate which balances the steam output suddenly fails for some reason, a pressure loss will 
rate from the steam outlet, it will be selfregulating. 20 occur and water from the surrounding well will conse-

In a reactor for performing the method according to quently invade the tank, so that the reactor core is kept 
the invention, the reactor tank contains a first amount under water, and the pressure loss is counteracted, 
of water sufficient to fill up the same to a level in the Thus the water will not boil off as it usually will do as 
downcomer between the top of the reactor core and a reaction on a pressure loss in a conventional reactor 
the upper edge of the riser. The reactor tank is con- 25 system. 
nected with an auxiliary reservoir through flow defining In this embodiment the resulting pressure on the tank 
connection means at a level below the reactor core, walls will in practice be far lower than the steam pres-
while the auxiliary reservoir contains a second amount sure inside the tank, so that said walls need only to be 
of water in interchange relation with the first amount dimensioned for a fraction of the strain occuring in a 
of water through the flow defining means. 3 0 corresponding reactor tank in a conventional system. 

According to the invention the riser may be divided It is sought, by means of suitable devices according 
in parallel flow sections by means of vertical partitions. to the invention, to keep the water exchange between 
Possibly, there may be arranged as many sections as the reactor tank and the surroundings as low as possible 
there are fuel elements in the core. This may be under normal working conditions, 
achieved by enclosing each fuel element in a shroud, 3-* With increased pressure in the tank an exhaust pipe, 
extentions of said shrouds constituting, in combination, which is connected to the steam outlet and ends blindly 
the riser. Such division in sections allows local influ- in the well at a level above the reactor core, prevents, 
ence on the circulation, and, with that, on the power according to the invention, the water level in the tank 
distribution. According to the invention, such influence from sinking so low that the core will be drained and 
may be effected in the most facile manner by grading 4 0 thereby damaged. 
the top of the riser in steps, so as to form a number of On the background of these features it may be readily 
regions with different riser length. The purpose of such understood that the present reactor system in fact pos-
grading is to achieve a lower flow rate in the central sesses inherent safety qualities, which make complex 
sections when the reactor is operated with large excess security systems and/or special safety zones around the 
reactivity. This brings about a greater void fraction reactor plant unnecessary. 
than that occuring with a flat riser top and the same re- The major advantages achieved by means of the 
actor power output. The resulting higher undermodera- method according to the invention are as follows: 
tion of the central core regions early in the operation When the excess reactivity is compensated by under-
period will cause a more uniform radial flux distribu- moderation of the core, a greater part of the neu-
tion factor. At the same time an advantageous high trons will be absorbed by U-238 atoms, which 
burn-up is achieved in the peripheral regions of the thereby are converted to fissile plutonium. This will 
core, whereas fuel is saved in the central regions while cause a higher burn-up. 
the excess activity is large. Thus, when reactivity prob- The control rods are not burned up, and their driving 
lems occur towards the end of the period, the central ^ means are exposed to less wear and may thus be 
regions will be in a more favourable condition. This is made simpler. 
important, as the central regions give the greatest con- The reactor may be made self-regulating (Examples 
tribution to the total reactivity of the core. Thus, the 1 and 2) or easily controllable (Example 3). 
graded riser will give a higher burn-up than a riser with The invention is primarily of interest in connection 
flat top. 6 0 with reactors utilizing light water, but may also be of 

Special stabilization problems may possibly occur importance for heavy water reactors. Therefore, the 
when the water level reaches the upper edge of one of term "water" generally designates both light and heavy 
the riser regions. In this case the water level may be water, and also mixtures of the same, in the present de-
brought rapidly to pass this level by inserting at least scription and claims. 
one control rod temporarily, and pulling the same out 6 5 In connection with the operation of a given reactor, 
again when the water level has passed this critical level. the method according to the invention, may be applied 

A similar local influence on the circulation, and with to a larger or smaller extent, the reactor being further 
that on the fuel load, may be effected, according to the regulated by means of control rods or other control or-
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gans. Thus in certain reactors the control rods may be 
utilized for a damping of fast power variations or for a 
partial compensation of the excess reactivity in the be-
ginning of the operation period. This will result in 
smaller variations in the void fraction of the reactor 
core than those occuring when the method according 
to the invention is applied exclusively. 

For a further illustration of the invention, three ex-
amples of embodiments of the same will now be de-
scribed with reference to the accompanying drawings. 

FIG. 1 is a schematical sectional view of a nuclear re-
actor mounted in a deep well, and suitable for carrying 
out the method according to the invention. 

FIG. 2 illustrates the flow rate through the reactor 
core in FIG. 1 as a function of fuel element power and 
water level in the downcomer. 

FIG. 3 illustrates the time variations of the excess re-
activity of the reactor in FIG. 1. 

FIG. 4 displays the time variations of the water level 
in the downcomer of the reactor in FIG. 1. 

FIG. 5 displays the mean void fraction of the reactor 
in FIG. 1 as a function of fuel element power and water 
level in the downcomer. 

FIG. 6 is a schematical sectional view of another nu-
clear reactor suitable for performing the method ac-
cording to the invention, and wherein the reactor tank 
communicates with a reservoir tank. 

FIG. 7 is a schematical sectional view of another ver-
sion of the nuclear reactor in FIG. 6. 

EXAMPLE 1 
Referring to FIG. 1, 1 designates a deep well. In the 

well 1 a reactor tank 2 is submerged to a depth substan-
tially greater than the height of said tank. By means of 
a vertical partition 3 the reactor tank 2 is divided into 
a riser 4 and a downcomer 5. Below the riser 4 there 
is disposed a reactor core consisting of a number of fuel 
elements. The design of the reactor core 6 is not shown 
in the Figure, but it may suitably be composed of a clus-
ter of fuel elements mounted in shrouds, which form 
vertical cooling channels. The fuel elements are indi-
cated at 7 and said cooling channels at 8 in the Figure. 
The riser 4 is filled to the edge 9 with water serving 
both as a moderator and a cooling agent. Also, the 
downcomer 5 contains water, the water level 10 in said 
downcomer being lower than that in the riser. Because 
of the nuclear heat in the reactor core, a part of the 
cooling water is converted to steam in the core. The 
steam/water mixture flows upwards through the verti-
cal cooling channels 8 by means of natural convection, 
the steam/water column in the reactor core and the 
riser being lighter than the water column in the down-
comer. The steam is gathered in a steam chamber I I 
and from there let out through a steam outlet 12, 
whereas the water from the top of the riser runs down 
into the downcomer to continue the circulation. An au-
tomatic operated control valve 13 is disposed at the 
steam outlet 12. The steam is utilized in a steam turbine 
or other steam consuming devices, which are not 
shown in the Figure. The condensate is returned to the 
reactor tank through the pipeline 14. Through aper-
tures 15, near the bottom of the reactor tank, the water 
in the tank communicates with the water in the well. 
The object of the apertures 15 is to allow the water to 
flow from the reactor tank 2 to the well 1 in order to 
lower the water level 10 in the downcomer 5, when the 
reactor produces more steam than what is taken out 
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from the outlet 12. When the reactor produces less 
steam than said amount taken out through the outlet, 
water is sucked into the reactor tank 2 and the water 
level in the downcomer rises. An exhaust pipe (not 

5 shown) is connected to the steam outlet and ends 
blindly in the well at a level above the reactor core. 
This pipe will automatically prevent the water level in 
the reactor tank from sinking below the top of the core. 

The system includes a combined circulation circuit 
10 for cleaning up the water in the reactor tank 2 and well 

1 from radioactive contamination, and cooling of the 
water in the well, because this water is heated as a re-
sult of the thermal losses in the tank. It is aimed at a 
maintenance of the water in the well at a temperature 

15 below 40°-60°C, but because of the large mass of water 
involved in the system, a system according to the inven-
tion may operate with an inactive cooling circuit during 
long periods, e.g. during maintenance work, without 
appreciable disadvantages. (This circuit is not shown in 

20 the FIGURE). 
The water column in the downcomer provides the 

driving pressure of the flow through the core 6 and the 
riser 4, so that, when the water level 10 in the down-
comer rises, the flow rate through the core 6 will in-

25 crease. Because of this the fractional steam volume in 
the core is reduced, and the reactor power increases 
due to the negative void reactivity coefficient. 

Thermohydraulic and reactor physical calculations in 
relation to a boiling water reactor, wherein the power 

30 is regulated by means of the method according to the 
invention, have been performed under the following 
presumptions: 

A nuclear reactor, essentially corresponding to the 
one described above, is disposed at the bottom of a 150 

3 5 m deep well, containing light water. The reactor has a 
core, which contains 7500 kg U0 2 , 2.8 percent en-
riched in U-235, in the form of fuel rods with a diame-
teFof 14 mm and" which are canned in Zircaloy 2 (con-
taining 1.20 - 1.70% Sn, 0.007 - 0.20% Fe, 0.05 -

4 0 0.15% Cr, 0.03 - 0.08% Ni, in all: 0.18 - 0.38% Fe + 
Cr + Ni, 0.09 - 0.16% O and the rest Zr). 

The core, which has a height of 1.4 m and a nominal 
diameter of 1.8 m is divided into 52 channels 'with 
square cross sections. Each of these channels contains 

4 5 a fuel element with 64 fuel rods. The uranium to water 
ratio in the core is equal to 3, whereas the height of the 
riser is 5 m and the cross sectional area of the down-
comer is 7.5 m2. During the full operational cycle 13 of 

5 0 said 52 fuel elements are exchanged with new ones at 
each fuel change. 

With the assumtions mentioned above, the calcula-
tions demonstrated that, by a nominal thermal power 
of 75 MW, i.e. a mean fuel element power of 1450 kW, 

^ the core should be in possession of an excess reactivity 
of 8 percent Ak at the start after the first fuel charge. 
To compensate this excess reactivity the core should be 
run with a mean void fraction of 59 percent, which cor-
responds to a void reactivity coefficient of—0.4 percent 

gg Ak/% void. Under these conditions the water level was 
expected to find its natural position about 4.5 m below 
the top of the riser. The mean burn-up was calculated 
to be about 28MWd/kg U0 2 , and the operation period 
between two fuel changes was found to be about 700 

£ j days with full output power. 
According to the calculations the excess reactivity 

decreased roughly lineary with the burn-up. In the be-
ginning of a period between two fuel changes the water 
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level was found to be rising slowly and then faster to-
wards the end ofthe period. At the time the water level 
was reaching the top of the riser, the core was calcu-
lated to be run with a mean void fraction of 23 percent, 
and the void reactivity coefficient was estimated to be 5 
— 0.15 percent Afc/% void. Under these circumstances 
the reactor should be stopped for change of fuel. 

It will be evident from FIG. 2, that it is almost linear 
interdependency between the flow rate and the water 
level in the downcomer within the pertinent range. 
FIGS. 3 and 4 display how the excess reactivity and said 
water level are expected to vary during said operation 
period. Here it is presumed that the fuel core has 
reached equilibrium of burn-up. 

FIG. 5 shows the mean void fraction in a channel as 
a function of fuel element power and water level in the 
downcomer. The dash lines indicate the possible power 
ranges, respectively at the beginning, in the middle, and 
at the end of an operation period. It will be seen that 2o 
at the end of said period, there exists no possibility of 
increasing the power above the nominal level, i.e. 1450 
kW. Also, from FIG. 5 it is possible to estimate the sen-
sitivity of the power output level to changes in the 
water level. Preliminary investigations, however, seem 25 
to indicate that the system will be dynamically stable in 
practice. If stability problems should arise during parts 
of the operation period, the water level may be con-
trolled by means of the valve 15 in the water outlet 3. 
The start of the reactor must take place by means of 30 
control rods and with the water level above the top of 
the riser. When the power has reached e.g. 30 percent 
ofthe full power level, the water level is allowed to fall 
below the top of the riser, whereby the void reactivity 
regulation process automatically takes over the power 
control. Now, the control rods may be pulled out one 
by one, and, as a result of this, the water level will fall 
slightly for each rod which is withdrawn. 

8 
EXAMPLE 3 

35 

EXAMPLE 2 40 

In the FIG. 6, as in FIG. 1, the reactor tank is desig-
nated by 2, the vertical partition by 3, the riser by 4, the 
downcomer by 5, the reactor core by 6, the fuel ele-
ments by 7, the cooling channels by 8, the upper edge 4 5 
of the riser by 9, the water level in the downcomer by 
10, the steam chamber by 11 and the steam outlet by 
12 

Close to its bottom the reactor tank is connected, by 
means of a pipeline 16, to a reservoir tank 17, which is 50 
partly filled with water. Above the water level in said 
reservoir tank 17 there is a volume of gas 18. Conden-
sate is not returned directly to the reactor tank as in Ex-
ample 1, but to the reservoir tank through the conduit 
19. The size of the gas volume 18 must be selected to 55 
secure a reasonably constant gas pressure during nor-— 
mal operation in spite of the said water exchange be-
tween the reservoir and the reactor tank in order to au-
tomatically regulate the water level in the downcomer 
and thereby the power output. To keep the reactor 
pressure approximately constant during the whole op-
eration period, a system may be provided, which auto-
matically transfers gas or water to or from the reservoir 
tank 17. Such systems are well known and conse- 6 5 
quently not shown in the Figure. In all other respects 
the reactor shown in FIG. 6, behaves like the reactor 
described in FIG. 1. 

60 

In FIG. 7 corresponding parts have the same refer-
ence numbers as in FIG. 6, but the connecting pipe-line 
16 is in this case further provided with a pump 20 and 
a valve 21. The reactor power is regulated by means of 
active control of the water level in the downcomer 5. 
This control takes place by means of a pump-and-valve 
arrangement 20, 21. The pressure in the reactor tank 
is maintained constant by means of a valve (not shown) 
in the steam outlet 12. Further, in this Example the 
riser is divided radially in three regions, the central re-
gion having a greater length than the intermediate one, 
which in turn is longer than the peripherial region. The 
upper edge of the riser thus occupies three different 
levels, as shown in the Figure. To avoid a water transfer 
from the top of the central region to the outer cooling 
channels, thereby creating a great and varying counter-
pressure in said channels, special arrangements, as baf-
fles or the like, may be provided. Such arrangements 
are, however, not shown in the Figure. 

We claim: 
1. A boiling water nuclear reactor with self-regulated 

reactivity and steam production, and comprising: 
a. a reactor tank; 
b. a reactor core enclosed in said tank; 
c. a riser on the top of said core; 
d. an inner amount of water between the core and the 

riser on one hand and the tank on the other hand, 
the surface level of the water being set below the 
upper edge of the riser; 

e. an outer amount of water communicating with said 
inner amount of water; 

f. a steam chamber provided with a steam outlet and 
disposed above and in direct contact with the riser 
and said surface level of the inner amount of water; 

g. an internally flowing column of water and steam 
mixture; extending through the core and the riser, 
the steam content of said column being prodcuced 
by the core reactivity and supplied to said steam 
chamber; 

h. a water circulation comprising said inner amount 
of water and said flowing column of water and 
steam mixture, the driving force of said circulation 
being constituted by the difference of pressures ex-
erted by said inner water amount and said column, 
respectively, at the level of the bottom of the reac-
tor core, whereby 

self-regulation is achieved by the following closed 
chain of cause and effect: 

Change of steam chamber pressure —• change of 
inner amount of water —• change of pressure dif-
ference at bottom of the core —> change of water 
circulating flow —» change of the steam content of 
the column of water and steam mixture —» change 
of the core reactivity —> change of steam supply 
to the chamber —• steam chamber pressure change 
opposing said given change of steam pressure. 

2. A reactor as claimed in claim 1, wherein the riser, 
by way of vertical partitions, is subdivided into a num-
ber of parallel flow sections with different heights in-
creasing in steps inwardly from the outer edges of the 
riser, to define a corresponding predetermined grading 
in steps of the top surface of the same. 

3. A reactor as claimed in claim 2, wherein at least 
some of said parallel flow sections are provided with 
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removable water distribution nozzles in their lower-
most parts. 

4. A reactor as claimed in claim 1, wherein the reac-
tor tank is stationary mounted in said auxiliary reser-
voir below the surface of the outer amount of water. 

5. A reactor as claimed in claim 4, wherein said reac-
tor tank is mounted significantly deeper below said sur-

, 0 0 7 
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face than the vertical extension of the tank. 
6. A reactor as claimed in claim 1, wherein said 

steam outlet is provided with at least one branch con-
duit ending blindly in the auxiliary reservoir at a level 
above the reactor core. 
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