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I INTRODUCTION 

Since the neutron flux varies across  the core radius of a reactor, 
the steam exit quality will a lso  vary from channel to channel, unle'ss some 
device i s  used to vary the coolant flow rate. In a reactor in which no spe- 
cial ca re  i s  taken to flatten the neutron flux o r  to adjust the coolant flow 
distribution, the rat io of maximum (in any channel) to average core  exit 
quality may be in the vicinity of 3. This means that, if  the desired average 
exit quality were lo%, the heat flux design limit on the reactor must be the . 

departure from nucleate boiling corresponding to a steam quality of 30%. 
Since the DNB heat flux drops with increasing eteam quality (Figure 1) she 
design limit in a fixed-geometry system i s  much lower than in one where 
the exit quality bears  a contfolled relationship to the DNB curve. In fact, 
the 'optimum condition is obtained if the flow ra tes  a r e  so adjusted that the 
sfe2m exit quality is w.r at  the center of the core  and m r  a t  the outside .' 

' 

in order that the rat io of o p e r a t i n g m ~ ~  heat flux is uniform throughout the . 

core. 

Current,  boiling water reactors  employ some regulation of the spatial 
flow distribution in order to limit the variation in steam quality from channel 

' 

to channel. The desirable flow distribution is.attained by means of variable . 

channel a reas ,  separate pumps and inlet headers, o r  series nozzles. 

Although the eiisting fixed orifice methods improve the core  thermal 
performance, they have the obvious disadvantage of being "staticw in opera- 
tion. Investigators (Reference 1) have attempted to determine the optimum 

I 

orificing methods to improve reactor~ec.onomics. However, this necessitates 
. . .  resizing the orifices a'number of times during the fuel .element lifetime be- 

cause of variable burn-up ra tes  or control rod movements. This is a costly 
. , and' time -consuming process. 

The value of a variable-orifice device-is shown in principle in Figure 1. 
Curve AA represents,' in simplified form, the relationship between burn-out 

. heat flux and quality. A typical design point i s  shown a s  point X, which. may '  
lie below the burn-out curve AA by a factor of 3 due to inclusion of various -: 

hot channel factors and safety factors. The (q/A) corresponding to point X ' 

then lies.wel1 below the burn-out curve. Should the (q/A) vary from this 
value,, the quality would vary for a fixed orifice system in a manner shown 
in Gurue BB. On the other hand, if a variable geometry system i s  introduced, 
with the ability to increase flow as the (q/A) is increased above the design 



value, a characteristic such a s  i s  shown in line CC results.  The point X 
now exhibits a greater  departure from the burn-out curve, or conversely, 
i t  should be possible, for the same operating safety factors, to ra i se  the 
design point X to point Y, In fact, i f  the line CC can assume the position 
of line DD, the designer i s  freed'from burn-out limitations a s  a design 
criterion. The economic incentives to develop such a device would stem 
from the net savings in the cost of the core  over the, cost of the device. 

Under contract to the AEC (Reference 2), Dynatech has been engaged in 
the development of -control deviceJor boiling water reactors. ,This 
m r  d e s r i h e s  the progress to date and the developmental work remaining ' - - to be done. 
.I1 PRINCIPLES OF OPERATION 

. . .  A schematic drawing of the device ris shown in Figure 2. It con- 
s i s t s  of an e trance Q r i  to measure the flow ra te  entering the channel, u- an exit venturi to measure .the flow ra te  leaving the channel, a component :: -. (1 7 

to c-e two flow ra te  signals, a e e  to regulate the channel water 
f l z r a t e ,  and the transmission lines connecting the various components. . 

The device operates a s  follows: 
. 1. The venturi a t  the inlet gives a signal which is a 

measure of the mass  flow ra te  of the liquid entering 
. . . , the channel; the density being .known from the inlet 

I conditions. 

2. .  The venturi a t  the exit gives a signal which i s  a 
measure of the mass  flow ra te  and the density a t  
the channel exit. . . 

3. The two signals a r e  subtracted.across an opposing 
set  of bellows in a comparator. The sizing of the 
venturis and bellows. will dictate the value of exit 
density (and therefore quality) a t  which the com- 
parator will  have a null force balance. It is a lso  
obvious that these size parameters will control 
the manner in which the venturi signals a r e  sub- 
tracted and will. thus control the effect that the 
mass  flow ra te  has on the steady-state exit qua- 
lity. If the device i s  designed so that the steady- 
state exit quality decreases with increasing mass  
flow rate,  i t  will also tend to decrease with increas- 
ing power level, since the principal action of the 

. . control is to  increase flow ra te  as the power level 
increases. 



4. .Any changes in either venturi signal which upset the 
null force balance on the three-way spool valve in the 
comparator will move the valve. This will cause 
water to flow in o r  out of the bellows which moves 
the flow control valve. The high pressure  water 
used to actuate the bellows comes from the channel 

. ' just upstream of the inlet venturi, 

5. The flow control valve opens or closes directly with 
the bellows motion. This increases o r  decreases 
the liquid flow ra te  in the channel and will cor res -  
pondingly lower o r  increase the exit quality. 

The flexibility of design allows the device to be used to control a 
boiling water reactor i of two fashions; a s  a constantguality de- 
vice, o r e o n t r o l l a b l e  evice. A comparison with flow orificing 
methods indicates that, under normal operating conditions, the control- 
ler is superior in keeping the reactor away from burn-out canditions over 
a larger  range of power requirements. It is obvious that the use of this 
device to provide constant exit quality over a range of power levels is 
superior to the fixed orifice method, and that the decreasing of the quality 
with increasing power level more nearly approaches a constant DNB curve 
and is thus superior to the constant quality device. 

This device could be incorporated directly into the central,  high 
heat-flux channels of a reactor s imi l a r  to the Dresden without changing 
any other control requirements. If i t  were to be employed in all channels 
of a Dresden-type reactor, i t  would only be necessary to c h a n E o n e  aspect 
of the BWR control philosophy. Instead of supplying a constant flow ra te  to 
the reactor,  i t  would be necessary to maintain a constant p ressure  drop 
across  the reactor,  with the steam quality control device dictating the sys-  
tem flow rate. 

I11 INITIAL AIR-WATER STUDIES 

An air-water low pressure  loop was constructed to achieve the fol- 
lowing objectives : 

1. To  investigate the hydrodynamic characteristics of 
venturis under two-phase flow conditions similar  to 
those existing a t  the exit of a forced convection 
boiling -water reactor. 

2. T o  evaluate the feasibility of the flow control concept 
with an experimental exit quality control, 



The essential hydrodynamic characteristics of a high pressure 
boiling -water system can be simulated by an air -water sys  tem at- low 
pressures  and room temperature. In addition to  the distinct cost advan- 
tages, a low pressure air-water loop allows extensive use of transparent 

" 

materials in critical components of the system for visual observation of 
the flow. 

The test section was designed to simulate a range of two-phase 
flow conditions that are typical of those encountered in current  BWR 
plants and advanced design plants. From a review of the state-of-the- 
a r t  in BWR technology, the following range of values was established a s  
typical for a BWR channel: 

1. Exit volume quality between to  and 75 percent. 

2. Exit Froude number between 50 and 250. 

3. Hydraulic 'diameter approximately 0.6 inches. 

The test section dimensions a r e  scaled down to approximately 
' 

1/2 the reactor core dimensions except in length, while holding the 
Froude number (NFR) and exit quality constant. 

Flow conditions a r e  simulated by the air-water mixer shown in 
Figure 3. Designed around 31 tubes of 1/4" diameter (to obtain Froude 
number and quality similar  to a boiling-water reactor) the simulator has an 
air holding chamber, pressure  equalizing bulkhead and an a i r  injection 
(into tubes) chamberi The water enters the tubes axially while the a i r  
enters a t  right angles to the flow through 1/64" holes drilled into each 
tube. The distance between the end of the tubes 'and the two-phase ven- 
turi may .be varied. 

The f i rs t  phase of this experimental work consisted of studying 
9-rough a ve_r t icaLventur iThis  information was neces- 
sa ry  for the esign of the exit venturi. his work has been reported in 
detail by Radovcich and Moissis ,, (Reference 3). -of th is  in- 
ves tigation a r e .  summarized below. 

... 

At low volume qualities where the velocity difference between 'the 
two..phases, which is called. the. slip velocity, is small,  the flow coefficient 
of the venturi is virtually independent of volume quality. At volume quali- 
t ies 'greater  than SO%, however, two effects a r e  observed. F i r s t ,  the 
flow coefficient generally increases with increasing yolume quality. 
Second,. the flow coefficient is a function of total throughput velocity. Both 
of these effects are attributable to  sl ip velocities and flow compressibility. 



The total effect is such that the effective flow coefficient of the exit venturi 
tends to increase with increasing mass flow rate. The fact that this is a 
desirable trait is pointed out by the tests which determined the static per- 
formance of the controller. These results are shown in Figure 4. The 
effect of the changing flow coefficient is to bias the overall control in such 
a way as to decrease the steam quality with increasing heat flux. Transient . 
results were also obtained for the particularly severe case of a step change ' 

. 

in the simulated heat flux (gas flow rate). Results of a typical transient are, 
shown in Figure 5. The nonlinear nature of the controller is evident from .. ' 

this figure. The transient response appears to be a decaying  sawt tooth^ 
signal rather than the exponentially decaying sinusoid-which js characteristic . . 
of linear systems. The wsawtoothw output is  directly related to the control 
loop delay time and the "on-offu nature.of tile spool valve. The tendency to 
overshoot could be reduced by decreasing the loop gain by placing a restric- 
tion in the line between the comparatot and the flow control valve.. How- ' 

ever, this is probably not desirable since .the response time of the control- 
ler would be increased. 

In addition, tests were conducted which showed that the system 
(which included the quality control1er)'operated well within the region of 
stability. This is discussed in detail in Reference 4. 

IV HIGH TEMPERATURE INVESTIGATIONS 

Dynatech is presently constructing, under contract to the AEC, a 
high pressure two-phase. flow test loop. (See Figures 6 and 7. ) The test 
section is similar to the one used in the air-water test loop except for minor 
changes in design and selection of materials for use at high temperature 
and pressure. Two-phase flow conditions are achieved by direct boiling in 
the test section rather than by mixing as in the air-water loop. A 200 KW, 
three-phase AC power supply is used for heating. The loop will be used 
initially to study the two-phase flow through. a vertical venturi at various 
pressures, flows, and qualities. Steady-state and transient tests of the 
flow control system will then be conducted using water at lOOOpsia and , 

saturated conditions. 

V FUTURE WORK 

After completion of the present program there will remain two areas 
where additional work is. required. The first is  in the area of safety, and the 
second concerns reactor .performance. ' 



Deposit buildup in the three-way valve could cause i t  to stick. If 
i t  sticks in either the "offu or "supplyH positions, the flow control valve 

tion, the flow control valve will close to the minimum flow condition. 
I will come to a maximum flow condition. If i t  sticks in the "drainH posi- . , 
I , 

Since the amount and effect of deposit buildup a r e  not known in advance, I 

the present system contains an external system which can override the 
comparator three-way vklve. If this appears to be a problem, the spool 
valves clearances in the neighborhood of the flow ports  can be increased. 
This will tend to cause the valve to behave a s  if i t  were slightly underlapped, 
but should not affect the system performance, A total evaluation of the 
spool valve approach can only be made after the testing which will be per-  . 

formed in the current  phase of the program. 

The other major a rea  remaining to be investigated is the deter- 
mination of the effect of the. quality control device on the transient opera- 

' 

tion of a reactor. This will require digital computer studies which are 
beyond the scope of the present program. 

. . 
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OBJECTIVES OF QUALITY CONTROL DEVICE 
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SCHEMATIC OF QUALITY CONTROL DEVICE -1 



1/
64

" 
D

ia
. 

H
ol

es
 

' 

. 
/- 

4 
Pe
r 

T
ub

e 

. 
3"

 D
ia

. 
T

ub
e 

T
yp

ic
al

 1
/4
11
 D

ia
. 

T
ub

es
 

P
re

ss
u

re
 E

qu
al

iz
in

g 
B

ul
kh

ea
d 

. 
. 



Figure 4 
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Figure 5 
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Figure 6 
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