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TECHNICAL FIELD

This disclosure relates to an apparatus for monitoring the pres-

~ence of coolant in liquid or mixed 1iquids and gaseous phases at one

or more locations within an operating nuclear reactor, either boiling
water or pressurized water reactors. It further relates to a system
which provides diserete measurement of tHe void.fraction or percentage
of gaseous phase material at the monitored location. It also relates
to a system for measuring the temperatures of liquid or ;uperheated
vapors. The United States Government has rights in this invention

pursuant to DOE Contract DE-AC-06-76RL01830.

BACKGROUND ART

There exists a néed for systems capable of détecting two-phase
flow in the reactor coolant l1oop and for systems capable of'detecting
liquid level in the core and auxiliary vessels and piping of a nuclear
reactor. United States gdvernmental'regulations specify "thermal
hydraulic" measurement capabilities in all operating power reactors.
These needs and requirements are the result of experience gained from
a small break loss of coolant accident.

During such an "event" in a pressurized water reactor, there might

be a period during which the reactor pressurizer-will overfill with .

water while the primary pumps. are oberationa]; The reactor coolant

will then remain in two-phase flow through the coolant loop and might
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have a sigﬁificant void fraction. Because there is no instrumentation
to indicate this cbndition, the reactor operator is unable to deter-
mine that a void fraction exists. As the pumps eventually begin to
cavitate and are shut off, the voia fraction in the coolant will
separate, exposing a portion of the core. Because of the unavail-
ability of liquid level monitoring systems for this contingency, the
operators of the reactor might be unaware'of these conditions until
serious damage results to the core itself.

In a boiling watef reactor the coolant in thé core is in continu-
ous twojphase flow in normal operation. There is presently no direct
reading device which will indicate to the operator what the void
fraction is at any particular elevation in the core. This is also
true of liquid 1éve1 readout.

The present system is designed to provide continuous monitoring
of coolant conditions at one or more locations within an operating
reactor vessel as well as pefiphera] piping and systems. It can be
used to determine the coolant level at a particular location. It is
alsn capable of measuring the void fraction or ratio of the gaseous
phase to the 1iquid phase in the coolant at one or more monitored
Tocations. In addition to these measurements the device wf1] provide
a discrete output which can be directly related to the coolant condi-
tions from reactor startup to a finite point in fluid temperature and
pressure where the sensor output assumes a different slope. ‘From this
point to the point where the fluid temperature and pressure reach
"saturation" we choose to define as "approach to void Fraction. These

two points on the instrument output are determined by the orifice siz-

ing in the sensor design. Void Fraction measurement then is repre-

sented by the instrument output from this latter point by a nearly

linear drop in‘output reading to a third reading which represent 100%
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void fraction or a liquid level. This third point in the output read-
ing is also determined by the sizing of the orifices in the instrument,

assuming that the driving force "Pressure" is not a Timiting factor.

DISCLOSURE OF THE INVENTION

'The apparatus comprises a length of small diameter tubing having
an open end positioned within the vessel ét the location to be
monitored.

This tube can represent an orifice in itself or an orificeAcan be
included at the open end of the tube to provide a specific pressure
drop related to the mass flow rate in the sensing system.

The tubing Teads through.the vessel wall to a cooling coi1'which
condenses the vapor to liquid and then delivers the pressurized liquid
to the sensing system at a specific temperature. This sensing system
consists of a second orifice or restriction interposed between the
condenser and a back pressure regulator, which causes a second pres-
sure drop in the flowing coolant. A differential pressure sensor
connected across this second restriction provides an analog signal

that is a function of the pressure drop of the liquid coolant across

-this restriction. This pressure drop will differ in magnitude depend-

ing upon the phase condition and pressure of the fluid or fluids
passing through the first .orifice in the end of the tube within the
vessel. The output signal will therefore be indicative of the fluid
phase at the first orifice by changes in mass flow rate at the moni-
tored location. It is understood that the device functions the same
whether the fluid is a single fluid or two or more different fluids in

liquid and or vapor state.
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BRIEF DESCRIPTION OF THE DRAWING

Fig. 1 Schematically illustrates the apparatus for monitoring
coolant conditions.

Fig. 2 Grabhica11y illustrates transducer output for various
fluid. conditions within a vessel.

Fig 3. 1illustrates a modified tubing configuration fdr use with

the invention.

BEST MODE FOR CARRYING OUT THE INVENTION

Referring now to Fig. 1, which illustrates the present invention
semidiagramatically in use in a nuclear reactor, a reactor vessel 10

is seen. The reactor vessel 10 contains, in addition to the reactor

core and other hardware not illustrated, a quantity of liquid water 12

and steam 14. Heat generated within the reactor is removed by circu-
lating the water and steam through a coolant Toop 16 by means of
circulation pump 18. A length of small diameter metal tubing 20
situated within the pressurized vessel has a first orifice 22 at the
csensing locatinn where the condition of coblant is to be monitored.
The tubing is brought out of the vessel to its extérior. This will be
typically accomplished by a welded vessel penetration through a wall
or pipe section. The portion of the tubing 20 exterior to the vessel
10 is shown as being cooled by a condenser coil 24 which cools the
liquid and condenses and cools the vapor flowing through the length of
tubing 20.

A second orifice 26 or restriction is interposed in the length of
tubing 20 beyond the condenser section at a convenient location for
monitoring purposes. The restrictiqns can be in the form of a venturi
throat,.a small diameter orifice, or any other form of restriction

which will result in a pressure drop in the liquid material flowing
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through the length of tubing 20. A differential pressure sensor 28
having upstream and downstream pressure taps across which dffferentia]
pressure of the flowing liquid can be sensed is used to sense pressure
differential across the second orifice 26. The analog output that
results at the sensor 28 can be connected to'a suitable readout, as

well as to appropriate annunciation devices for control room monitor-

ing purposes.

After passing through the sensing orifice 28 the>]iqufd flows
through a.back pressure regulator valve 30. The back pressure regu-
lator 30 maintains the pressure at the downstream side of the restric-
tion 26 at a pfeselected ratio to the pressure of the liquid coolant
circulated within the reactor coolant loop, thereby maintaining a
fixed pressure drop across the two orifices in the sensing systen.
Liquid is collected in reservoir 32 before being returned to coolant
lToop 16 by injection pump 34.

Although a single length of tubing 20 is illustrated, it is to be
understood that the system will normally consist of a number of such |
tubes, each monitoring a different sensing focation within the reactor
vessel. Each tube may have its own pressure sensor or several tubes
may be manifolded to use a single pressure sensor.

There are four distinct states of operation of the sensing system
as shown in Fig. 2 and their applicability to reactor operation varies
with the type of reactor. Condition one on Fig. 2 represents the out-
put of the sensor from the time the reactor primary loop is pressur-
ized sufficiently to drive the sensor (point A) until point B is
reached. fhe slope of the outbut during this portion is linear and is .
controlled by the density (temperature) of the fluid. Condition 2
begins at a fluid temperature shown as Tl (point B). This fluid

temperature pOfnt will vary as a function of the orifice size, the
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pressure drop in the sensing'system and on the temperature and pres-
sure of the fluid. However for any given design the point is a finite
temperature. Sensor output during the phase defined as condition 2
(point B to C) is a function of the change in density of the fluid
because of increasing temperature but is modified by the fluid flash-
ing to vapor after it passes through the first orifice 4. This phase
will be non linear and distinguished from the generalized slope of
condition 1 & 3.

The condition shown as three in Fig. 2 (Point C to D) represent
the sensor oﬁtput when a liquid level occurs without a void fraction
being present. During this condition the fluid temperature and
density remain at Tsaturated through the first orifice and the pres-
sure drop at the transducer is trying to go to Point C or Point D.

The device then operates as a switch. Point D on Fig. 2 represents a
liquid level. This point is defined by the two orifices used in the
instrument design and the pressure drop in the system. If the sensing
system is located Qutside the reactor core the steam tem- perature |
will not go above Tsaturated and the nutput of the sensor will remain
at point D. |

However, if the sensor is in the reactor core the steam can exceed
Tsaturated and become superheated. This wou]d.drive the sensor output
into condition four (points D to E). In this event condition 4 rep-
resents a definable readout which can be related to the temperature of
the suberheated vapor at the sensing location. Further by reducing
the size of the second orifice for this condition, the points D & E
can be moved up on the graph and def%nitive output is obtained which
represents the changing mass flow rate as the vapor témperature

increases. This output can be calibrated to read directly as vapor
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temperature. The upper 15mit of thé instrument is only limited by the
ability of the direct contact portion of the instrument to survive the
temperature and fTow conditions in the environment. Materials are
known which woufd a]]ow.this vapor temperature measurement to be made
at 2100K. Other ceramics are likely to be available now or in the
future to increase this upper 1imit to well beyond this temperature.

Referring now to Fig. 1, the back pressure regulator controls the
pressure drop across both orifices at a design value (i.e., 200 psi).
The orifices are sized so that in this first condition each orifice
drops 100 psi and neither is in critical flow. In the liquid condi-
tion then the differenti§1 pressure transducer reads 100 psi.

A second condition exists when the 1liquid is below the pickup line
level. The space above the liquid is filled with saturated steam. In
this condition the first orifice sees saturated steam. -Because the
second orifice is downstream of the condensing coil it always sees
liquid. Meanwhile the steam passing through the first orifice is
being cooled and condensed before it reaches the second orifice. This
condensation and resu1tant:reduction in volume adds to the driving
force for flow through the first orifice, therefore the pressure drop
in the first orifice increases. Because the two orifices are in
series the pressure drop in the second orifice decreases. This is the
sensing orifice and the differential pressure transducer output drops.
Calculations for above stated conditions show this will drop to approx-.
imately 6 psi. The mass f]ow rate in the line will decrease by 3.5 or
more. These two described conditions represent the device operating
as a 1iquid level sensor.

The two conditions above represent the bounding conditions of void

‘fraction or two-phase flow. The third condition of operation of this

~ device is when the input flow to orifice one is a void fraction. By
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definition, the sensing orifice must develop an output differential
pressure which is between its outpdt during condition one and its out-

put during condition two. The void fraction sensing aspect of this

-device then provides an output which is a smoothly varying (but not

necessarily linear) over the entire range of void fraction, since
void fraction only exists between the liquid and the saturated steam
conditions. |

This basic device can be utilized with a minor modification to
provide se]ectiQe amplification of a given segment of two phase flow.
Referring to Fig, 3, the end of the tube 20 has been modified by
increasing the surface area with a bell or umbrella attachment 36.
In the configuration shown, this addition serves to catch more vapor
bubbles than the device as shown in Fig. 1. Since the measurement
system output relates directly to the ratio of vapor to liquid
collected by the orifice, we can amplify the perceived void fraction
by collecting more vapor than is representative of the actual void
fraction that exists. This then allows the very low void fraction
area (nucleate boiling) to provide full scale readout in the sensing
device. When this is done, an actual void fraction ranging between 0
and say 2% can be made to look like a void fraction of 0 to §ay 100%.

By turning the bell and pickup orifice upside down, one could
collect entrained moisture (droplets) from steam in the same way.
That is, éollecting enough droplets at say 80% void fraction to make
the sensor read 0% void fraction .when tHe sensing orifice sees a void
fraction of 80%. The sensor then reads from 0 to 100% when the steam
goes from 80 to 100%. The device with iﬁput amplification becomes
highly useful .in research applications as well as measuring the qual-
ity of steam and other vapors. For example in the steam generator

side of a powef plant.
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It is also possible to obtain an output signal indicative of the
void fraction flowing. through the first orifice by sensing the posi-
tion of the valve in the back pressure regulator said herein, "void
fraction" shall refer to the volume ratio of steam vapor to 1iquiq
co-existing at a finite location. For liquid, the void fraction is
zero and for saturated steam conditions, the void fraction is 100%.

Practical utilization of this system in a reactor requires space
availability, as well as physical access into the vesse]Iand associ-
ated piping. Current design of boiling water and pressurized water
reactors have sufficient vertical space in their cores for ten to
eighteen sensing lines comprising lengths of tubing as generally
discussed. It appears practical to transition such lines out of the
vessel through the existing borate injection standpipe or other pos-
sib1e‘1ocations, such as flange fittings.

The Tiquid flow from the reactor vessel, even though accomplished

‘through a Targe number of lines, represents only a small total flow in

relation to the liquid yo]ume of the coolant loop. While the des-
cribed system requires a high pressure collecting tank or regervoir 32
and a reinjection pump 34 to direct liquid back into the primary
cbo]ant/]oop, such equipment poses no significant practical problems.
The normal flow in.an exemplary tube 20'comprising 1/32 in. inside
diameter tubing would total 34 gallons per day in a boiling water
reactor installation of conventional design. Unless a very large
number of lines.were utilized in a single system, the collection
reservoir 32 and makeup pump 24 would be very small. A preferred

system would be designed so as to accommodate nominal fiow of -0.5 -

gallons per minute per line.

The flow out of a broken line poses no problem since the water

will flash to steam in the line. Choked flow for the proposed 1/32 in.
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inner diameter line is equal to two gallons per day. The severity'of
this problem is‘minima1 even if a very large number of lines were to
be used and multiple breaks were to occur.

The response time of this device is nearly instantaneous. This is
because the pressure drop seen at the first orifice is transmitted to
the second orifice (sensor) at or near the speed of sound. In addi-
tion, should slug flow through orifice one result in noise, these
pressure pulses would to some extent be damped out before reaching

the second orifice, thereby reducing or smoothing the output signal.
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ABSTRACT OF THE DISCLOSURE

A system for monitoring coolant conditions within a pressurized
vessel. A Tength of tubing extends outward from the vessel from an
open end containing a first line restriction at the location to be
monitored. The flowing fluid is cooled and condensed before passing
through a second line restriction. Measurement of pressure drop at
the second line restriction gives an'indiqation of fluid condition at
the first line restriction. Multiple lengths of tubing with open ends

at incremental elevations can measure coolant level within the vessel

.
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