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ABSTRACT

A conductivity sensitive liquid level transducer
(LLT) has been designed and used successfully for
determining whether steam or water is present in
the Loss-of-Fluid Tests (LOFT) performed by EG&G
Idaho, Inc., at the Idaho National Engineering
Laboratory. The presence of steam or water is
determined by establishing a discriminator level
which ii set manually. A computer program estab-
lishes the presence or absence of water for each
data poinC taken. In addition to liquid level,
the LLT is used for reactor vessel mass and volume
calculations. The uncertainty in the liquid level
is essentially the spacing of the LLT electrodes.
Other factors, for example, chemistry, tempera-
ture, and pressure, also enter into the uncer-
tainty but their contribution is relatively small.
The uncertainty in the reactor vessel mass and
volume calculations is il5X. Improvements in the
data interpretation techniques would involve the
possibility of measuring void fraction and automa-
tion of the discrimination voltage setting.

INTRODUCTION

Liquid level transducers have been installed in
the core, upper plenum, and downcomer of the LOFT
facility. This liquid level transducer consists
of a series of conductivity sensitive probes with
multiplexed data recording. Interpretation of
the output is accomplished by establishing a dis-
crimination level to determine whether water
exists at the individual electrodes. Following
the establishment of a liquid level, the data are
used in determining a time dependent mass inven-
tory. The following is a discussion of the meth-
ods used in determining the liquid level and mass
inventory. Uncertainties in the possible methods
of improving the technique are also discussed.

DESCRIPTION OF LOFT

The I OFT facility has been designed to simulate
the aajor components and system responses of a
large pressurized water reactor (FUR) during a
loss-of-coolant accident. The test assembly com-
prises five major subsystems:

* The reactor vessel which simulates the large
PWR reactor vessel

* An intact loop which simulates the three unbro-
ken loops of a PWR

* A broken loop which simulates the postulated
PWR broken loop

* A blowdown suppression system which simulates
the containment back pressure

* An emergency core coolant system (ECCS) which
simulates the ECCS of a PWR.

These major components are shown in Figure 1.

DESCRIPTION OF LLT AND SIGNAL CONDITIONING

The LLT is a conductivity sensitive device con-
sisting of an electrode surrounded by a cylindri-
cal ground plane, as shown in Figure 2. Liquid
enters the LLT through slotted or circular ports,
located in the cylindrical ground plane over the
length of the LLT. These slots, designed to pre-
vent splashing of cooling water on the LLT, pre-
vent an erroneous liquid level.

Electrodes are spaced over the range of the
expected water level. Signal leads from each
electrode go through a series of spacers to the
top of the LLT assembly.

Instrumentation for the LLT, without the recording
system, is shown in Figure 3. Current is driven
from the electrode to the ground plane across the
fluid impedance and the voltage drop signal is
multiplexed and processed through the signal con-
ditioner. The signal conditioner consists of an
isolation amplifier, 6!)-Hz rejection filter, and
a low-pass (2000 Hz) Butterworth filter. The
output of the signal conditioner goes to a peak
detector which supplies the discrete output of
ea-h electrode which is used to determine whether
the probe is shorted by the presence of water,
partly shorted by the presence of vapor, or com-
pletely open when dry.

DESCRIPTION OF LLTs USED IN LOFT

Operational LLTs are of four basic designs: (a)
core, (b) downcomer, (c) upper plenum, and (d)
lower plenum. The only differences between these
designs are: (a) the electrode spacing, (b) the
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type of ports, slotted or circular, and (c) the
type of splash shield. The core LLT (Figure 2)
is installed without a splash shield, whereas the
downcomer LLT is surrounded by one splash shield,
and the lower plenum LLT is surrounded by two
splash shields as shown in Figure 4. The shields
prevent water from covering individual sensors
due to ECC liquid flowing through tho downcomer
to the lower plenum. With the shields in place,
only reflood levels are indicated.

The basic equivalent circuit for the LLT can be
reduced to the simple network, shown in Figure S.
This network consists of a 10-V peak and a 10-Hz
square wave with an output resistance of SO kil.
Thus, for all practical analysis, the effective
probe resistance (Reff) appears as part of a
resistor divider network in series with 50 kB.
When the probe is dry and (Reff) is much greater
than 50 k!2, the signal output is near 10 V. When
the probe is wet, Reff is much less than 50 kft,
the output is near 0 V. If one of the components
in Rgff (discussed in the next section, "LLT
Theoretical Model") begins to deteriorate and the
maximum dry resistance approaches 50 kfl, the maxi-
mum output voltage will decrease. At a maximum
Reff of 50 frft, the maximum output voltage r.ould
assume any value from 0 to 10 V.

LLT THEORETICAL MODEL

To better understand the data reduction technique,

the basic mathemetical model of the individual

electrodes oust also be understood.

The general circuit diagram for the electrode
detector is shown in Figuie 6. The exitation
source is a 200-uA, 10-Hz square wave. The output
impedance (B.\) of the current source is large
cdmpared to the circuit impedance and is consid-
ered to be primarily resistive and several megohms
in magnitude. Two 100 k£2 shunt resistors (R2,
Rj) are used to establish a working level parallel
impedance reference for the probe of 50 kfl.

At the exitation frequency of 10 Hz, the capaci-
tor C, is transparent and serves only to isolate
any dc bias voltages within the current source
from the electrode. The distributed capacitance
(Cj) within the cabling and the probe capaci-
tance (C.) typically amount to several nano-
farads. Ac the frequency of 10 Hz, this reactance
will be several megohms.

Because of the exitation frequency (10 Hz), and

the 50 kft short resistance of (R2, R3), the

capacitive reactance of the LLT circuit is not

discussed. The effective impedance of the probe

is defined as the following resistor network:

R R (R + V
eff

where:

Rw •

+ (R. + R.)(R. + R.)
(1)

the wire resistance of the signal
lead. The wire resistance is fixed
and depends only on the length of the
lead cable.

Re • the shunting resistance across the
cable insulation. The shunting
resistance is normally greater than
106n and, if no leaks occur,
remains fixed.

Rs • the shunting resistance across the
seal. This resistance varies with
aging, corrosion.

Ro » a series resistance due to oxide
buildup on the electrodes and ground
plane leads.

RL * the resistance of the air or liquid
between the electrode and ground
plane. This resistance depends on
electrode geometry, liquid type, and
chemistry.

When the geometry is a cylinder (see Figure 7 ) ,
the resistance between the two cylinders is given
by:

« l " n J Lit?
dr (2)

where n is the resistivity of the liquid or air

and r is the radius. For the current design,

a = 0.16 cm, b • 0.474 cm, and L « 2.54 cm.

Therefore, Equation (2) integrates to:

If the values for a, b, and L are substituted in

Equation (3), this equation becomes:

RL • (0.068 cm-1 (4)

The resistivity of air is essentially infinite,
so Rj_= o . The liquid resistivity may vary
from 1.91 10°n-cm for distilled water at 298 K
to 9.16 103n-cm for 9.02-ppm Lithium solution
at 533 K (Figure 8 ) . These values of resistivity
yield a resistance range for Rj, of 1.3 10^ to
62.3Q.

COHVERSIO" OF AKAL0G OUTPUT TO LIQUID/STEAM

When the LLT is exposed to an environment that
changes to all steam, the Rj, term in Equation
(1) increases with a resultant increase in the
voltage output. This voltage output is used to
determine whether liquid or steam exists by using
a voltage discriminator level in a computer pro-
gram. Both the baseline and the 1002 void voltage
levels may change with time as Rs, R L , and
Ro change. To understand why Rs changes, the
physical makeup of the individual electrodes must
be understood. The shunting resistance across
the seal (K5) is a function of the insulating
material in the seal. The value or Rg may
change from test to teat due to aging and corro-
sion and during the tests due to microcracks in
the ceramic seal material. When an electrode is
at high pressure (greater than 1.4 MPa), water is
forced into these cracks reducing the resistance
Ra. When depressurization occurs, the liquid



eventually evaporates out of the seal. Conse-
quently, the 1002 void and baseline voltage luvel
change during this period until the microcracks
are completely void of water as shewn in Figure 9.

The resistance of the environment around the elec-
trode (R^) is a function of chemistry, tempera-
ture, and void fraction. These factors shift the
baseline voltage. The change due to chemistry
and temperature is illustrated in Figure 8. This
figure illustrates that the resistance of deion-
ized water can change more than a decade with
changes in temperature. This effect is not as
severe when ionizing chemicals, such as lithium,
are added to the water. The resistance, R^, is
also a function of the geometrical distribution
of the fluid droplets between the electrode and
the ground plane. Therefore, the same output
voltage can represent a variety of void fractions.
Preliminary testing indicates multivalued void
fractions occur primarily between values of 20
and 802 void. Oxide buildup on the electrode and
ground plane changes the value of Ro> affecting
both the 100% void and baseline voltage levels.
In general, this effect is small when compared
with Rs and is normally treated with Rs.

In addition to the resistance changes discussed
in the previous paragraph, response and noise
effects must be incorporated in the determination
of the discriminator voltage level selection. If
the discrimination voltage level is set too high,
the desired response characteristics could be
compromised. The changing of Rs, due Co pres-
sure, does not occur instantaneously; therefore,
the discriminator voltage level must be selected
to alleviate this problem. However, this problem
does not occur if the test does not start with
the vessel pressurized.

Excessive electrical noise may result in an incor-
rect interpretation of the data if it is not com-
pensated for, that is, noise pay be interpreted
as water droplets. In these cases, the discrimi-
nator voltage level must be set to exclude the
noise level.

CHOICE OF DISCRIMINATOR VOLTAGE

The discriminator voltage level is chosen using
the information presented in the previous section.
The voltage discriminator level is set during the
blowdown phase to =15% of full-scale voltage range
(7 m a x - V o ) . This discriminator level remains in
effect until the transducer has attained the raaxi-
aua value.

The next phase is reflood, when emergency core
cooling water floods the core. At the point when
vmax i* reached, the discrimination level is
set to approximately 85% of the full-scale voltage
range to preserve the response. Following
reflood, the discriminator is changed to 152 of
the voltage range with the Vo adjusted for only
shifts in the baseline. Figures 10 and 11 show'
examples of an individual electrode voltage time
history with typical voltage discrimination
levels.

The final liquid level output (called bubble plots
shown in Figure 12) indicates only the presence

or absence of water. However, the absence of
water does not mean the vessel is 100% void of
water but the liquid level output is greater than
the criteria used to establish the voltage dis-
criminator level.

REACTOR VESSEL MASS AND VOLUME CALCULATIONS

Once the presence of liquid or steam has been
established, the reactor vessel liquid mass and
volume is determined. The technique presented in
this paper used the LOFT downcomer and lower ple-
num LLTs, as shown in Figure 13.

As previously discussed, the liquid level conduc-
tivity probe output is analyzed in a computer
program which indicates liquid by a "1", steam by
an "0", or a failed probe by a "2". The 0s, Is,
and 2s are then used to calculated liquid volume
or mass in the reactor vessel.

The data from each instrument stalk, shown in
Figure 13, are evaluated separately and then aver-
aged to provide the overall reactor vessel liquid
volume or mass. The evaluation technique is as
follows:

* A volume is assigned on the basis of one-half
the distance between the probe above and below
the probe being evaluated.

* If the indication on the probe is 1, the volume
is considered to be full of liquid. If the indi-
cation is 0, the volume is considered to be full
of steam.

* For each time step, the volumes classified as
full cf liquid are added together and divided by
two. The average reactor vessel liquid volume is
the outcome of the above calculations.

* To calculate reactor vessel liquid mass, the
temperatures located in the same area as the
liquid level probes are obtained from a steam
table. The steam table values of steam and liquid
densities are used in the calculation along with
the volume calculations.

* When a probe indicates 1, the volume is multi-
plied by the liquid density for that location.
When the probe indicates 0, the volume is multi-
plied by the steam or vapor density. The total
mass is then calculated by adding the masses for
each instrument stalk together and dividing by
the number of stalks used in the calculation.

The results
Figure 14.

of this analysis ere shown in

DISCUSSION OF TRANSDUCER UNCERTAINTIES

Liquid level output is sensitive to many factors,
such as (a) changes in performance characteristics
of the electrode, (b) changes in the medium being
measured, and (c) LLT design and mounting. Typi-
cally these effects are negligible because of the
large output difference between the all liquid
and the void conditions. Each factor is discussed
briefly.



TEMPERATURE

Liquid conductivity is a function of temperature.
This temperature dependence does not affect the
transducer output when the transducer is sur-
rounded by dry steam, but the voltage output of a
detector immersed in 422 K liquid will be more
than that of a detector in 555 K. Fortunately,
the difference between voltage output from all
liquid to all steam is usually large enough that
the two cases can be differentiated.

RESPONSE LIMITATIONS

The response time testing indicates the 952 con-
fidence response time is less that 330.5 ms. The
second limitation is temporal resolution; because
of the multiplexing rate of 200 Hz, a given elec-
trode impedance can only be reviewed every 100 ms.
In the worst case, the multiplexing can cause an
additional 100-ms delay in overall response time.
The 95% confidence value would be 95 ms•

These two mechanisms are clearly independent. So
the total response time is the root sum square of
the two 95% confidence values (344 ms).

MOUNTING

The accuracy to which the liquid level may be
determined is limited by the distance between the
electrodes.

The spatial resolution for the four types of
installation are:

* Core ^0.049 m
* Downcomer <;0.152 m
* Lower plenum ^0.051 m
* Upfor plenum +0.J29 m.

Associated with this uncertainty is the tolerance
involved in mounting each era. =Hucer. However,
the mounting tolerance is 1/100 the size of the
spatial resolution, and therefore is neglected.

AGING

The most serious aging problem is the degradation
in insulation resistance of the electrode metal-
to-ceramic seals. An immersed detector with a
corroded seal will have a lower resistance than
it would without corrosion. The corrosion will
have little effect on the seal when the seal is
dry, so that differentiating "wet" and "dry" con-
ditions is still possible. The setup of the elec-
tronics does not depend on predetermined values
of resistance, but instead, is based on the probe
output impedance during dry conditions.

VOID FRACTION

Analysis shows the transducer resistance to be a
function of ths density weighted volume integral
around the electrode. As such, the observed out-
put will show variations which are traceable to
the particular statistics of the flow regime pres-
ent. This phenomenon, along with conductivity

variations as a result of temperature and ioniza-
tion changes, increases the uncertainty in estab-
lishing whether the electrode is covered or
uncovered.

SPLASHING

Response time testing provides limited evidence
that the transducer has a slight capacity to give
an early response (less than 600 ms) as a result
of splashing even with a splash shield in place.
The review of data from other tests railed to
reveal splashing to be a significant problem.

CHEMISTRY

Liquid level conductivity is a function of coolant
chemistry and impurities (Figure 8). If the chem-
istry of the reflood water differs from that of
the initial coolant, the voltage discrimination
level for the covered condition must be changed
during the test.

In summary, the discrete nature of the LLT makes
the uncertainty in this measurement primarily a
function of the electrode spacing. If the voltage
discrimination levels are not established cor-
rectly, gross error would occur but normally are
self-evident. The time response uncertainty may
also be compromised if the voltage discrimination
level is not: correctly set. Aging, void fraction,
and water chemistry are compensated for by selec-
tion of the correct voltage discrimination level.

MASS BALANCE UNCERTAINTY

The uncertainty involved in the reactor vessel
mass and volume calculations discussed earlier
was evaluated using inflow and outflow values
compared with the reactor vessel volume or mass
calculations. Figure 15 represents the accuracy
of the liquid level measurements and calculations.
The emergency core coolant inflow rate for Loss-
of-Coolant Experiment (LOCE) I1-3A with lower
plenum injection equals the reactor vessel mass
rate. The inflow rate is known to within an
accuracy of approximately ^1%. Based on Figure 14
and similar inflow and outflow comparisons, a
value of ̂ 15% is assigned to this technique.

FUTURE WORK

The liquid level transducer has been used success-
fully in LOFT. However, the voltage level void
fraction technique is useful only in indicating
the presence or absence of liquid, since it has
been shown that void fractions from 20 to 80% are
multivalued with LLT voltage output. The authors
believe that void fraction information may also
be obtainable if a time averaging technique can
be developed. This possibility is currently under
investigation. The time averaging technique is
the most promising due to its invulnerability to
aging, temperature, and pressure effects.

An additional aspect that is being investi
is the automation of the water and steam disc



CONCLUSIONS

The LOFT conductivity liquid level transducer has
worked successfully. The transducer is also
usable for calculating mass and volumetric flow
rates. The use of this device may be extended to
obtaining void fraction.

Intact „ loop Broken , loop

Steam
generator

s if
Dov/ncomer -^ l^ j j :

H3
plenum

Isolation
valve (2)
Break

Pump plane
simulator

ECC injection
location

Reactor
vessel

INEL-A-10 057-1

"Figure 1 - LOFT major components."



kSIGNAL LEADS

DETECTOR ASSEMBLY

LIQUID LEVEL DETECTOR
ALL STAINLESS STEEL-CERAMIC INSULATION

PEHrQRATEO SHEATH

ENO PLUG

METAL TO CERAMIC SEAL BODY

ELECTRODE

I: •• ! , i !

"Figure 2 - Liquid level probe assembly." 77-7994



L

Current
driver

Electrodes

200-Hz
oscillator

Timing
generator

Electrode
scanner

Syncronized signal

Gating signal

Signal
conditioning

* Peak J
*" detector

Summer

Z.--TL. Water level

Serial
electrode

information
output

INEL-A-li 159

"Figure 3 - Block diagram of the liquid level transducer and instrumentation with four
electrode probe output signals."

Outer splash shield

Outer splash shield
1.5-in. outside diameter

0.25-in. diameter holes, four
equally spaced every 2 in.

Slotted inlet port,
3/8 x 1 in., four equally
spaced at 12.66-in.
intervals

Inner splash shield

Slots 0 -"88 in. x 1.5 in.
four 90s apart 12 places

Liquid level transducer
Inner splash shield seven electrodes, 4 in. apart
1-in. outside diameter

. diameter holes in cylindrical
ground plane four equally spaced
at 3.375-in. or 4-in. intervals

level transducer
0.09-in. diameter holes
six equally spaced

Oowncor.ar liquid level
transducer installation

Lower plenum liquid level
transducer installation
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"Figure 7 - Idealized model for calculation of
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