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Abstract

Distilled water, tap water, Sargasso Sea water and 0.9% NaCl solution contained in a Nalgene 30ml polyallomer centrifuge tube are

found to maintain distinct negative non-zero equilibrium charges as measured within a grounded patented Faraday cage. Here, the

Faraday cage is composed of two identical in-line hollow, gold-plated Faraday cup electrodes which enclose the sample that moves

between them during each measurement under computer control. Charge measurements using various electrometers were conducted to

rule out the possibility of false instrument readings due to input offset voltage and other experimental effects. Charge, voltage and

capacitance are presented as a function of the water dielectric temperature.

r 2005 Elsevier B.V. All rights reserved.

Keywords: Faraday cage; Water dielectrics; Negative non-zero equilibrium charge; Capacitance; Open-circuit voltage
1. Background

It is known that leaving charged objects within a
grounded metallic enclosure for a long enough time allows
the charge to decay to zero due to the slight ohmic
conductivity of air, object and supporting structures. We
have found a new phenomenon using distilled water, tap
water, Sargasso Sea water and 0.9% sodium chloride
(NaCl) solution, where each maintains a different negative
non-zero equilibrium charge when measured within a
grounded Faraday cage.

Fig. 1 shows a drawing of the experiment. Measurements
of charge and voltage are performed in a patented [1],
gold-plated Faraday cup device housed in a grounded
Faraday shield. The water dielectric samples are
contained in 30ml polyallomer centrifuge tubes. The
samples move between two identical in-line hollow
gold-plated brass Faraday cup electrodes during each
measurement. A metal screw in the tube’s cap holds the
e front matter r 2005 Elsevier B.V. All rights reserved.
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dielectric to a gold-plated motor-controlled rod,
and the screw makes contact between the water sample
and Earth ground throughout the experiment. The
upper Faraday cup electrode is permanently grounded,
and the lower active cup electrode is grounded between
measurements by the zero check input of the Keithley
model 617 electrometer. The electrometer is then set
to the Coulomb mode to integrate the current flow
from the lower electrode as the water sample moves
between electrodes. If the polarity displayed by the
electrometer is positive after the sample comes to rest
within the upper electrode, it means that the given
sample is negatively charged, because it had induced a
positive charge upon the inner surface of the lower
electrode which flowed to ground through the electro-
meter as the sample left the lower Faraday electrode. The
sample can be moved in three ways. One way is by
activating a switch in the motor relay to allow the sample
to ascend and descend. The second way to control
the motion is to program a Keithley model 2001
digital multimeter’s digital I/O port. The third way is
through automatic computer control using Testpoint
data acquisition software. We did this to run experiments

www.elsevier.com/locate/elstat
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Fig. 1. Faraday cage internal structure consists of two Faraday cup

electrodes. The upper electrode is permanently grounded. The lower

electrode connects with the electrometer and is grounded between

measurements. Liquid samples are raised and lowered using a lifting

rod, flexible cord, pulley and computer controlled motor (not shown).

Table 1

Charge (nC) using different electrometers

Electrometer Distilled water Tap water Sargasso Sea

water

#1 617 �0.39 �3.23 �1.23

#2 617 �0.40 �3.20 �1.25

#3 617 �0.41 �3.15 �1.24

614 �0.39 �3.21 �1.27

Table 2

Equilibrium charge (nC) of water dielectrics

Distilled water Tap water Sargasso Sea

water

�2.04 to �1.2 �5 to �4.7 �2.02 to �1.1
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continuously and often unattended for longer periods.
To determine the effect of temperature upon the mag-
nitude of charge and voltage, we used an exterior
water jacket and temperature controller to heat and
cool the internal temperature of the Faraday cage
chamber. Ambient laboratory temperature and internal
temperature of the Faraday cage are measured using
Omega RTD (resistance temperature detector) sensors.
Values are displayed by the 2001 multimeter that can be
programmed to display both ambient and internal tem-
peratures [2].

A Testpoint program acquires data from the electro-
meter and the multimeter every 60 s. After the sample
comes to rest within the upper electrode, the values are
transferred to the computer and are recorded on a floppy
disk. At the completion of each experiment, the values are
copied to Statmost to plot the variation of charge
or voltage measurements as a function of temperature
and time.

Peterson had conducted similar experiments using
distilled water, glycerol and methanol in the same Faraday
cage. He noted that electrometer charge measurements
were a function of sample temperature [3]. The value of
measured charge was also found to correlate to the relative
dielectric permittivity, which is a function of temperature
[4]. This paper investigates those measurements.
2. Measurements of charge

2.1. Verification of data using different electrometers

Additional electrometer charge measurements were
conducted to rule out the possibility of false readings due
to input offset voltage or other experimental effects. Two
more Keithley 617 electrometers and one Keithley 614
electrometer were used. Distilled water had been taken
from Cleveland. Tap water had been taken from our MIT
lab. The Sargasso Sea surrounds Bermuda. The results are
tabulated in Table 1. The values recorded here, although
similar in time, are not long-term equilibrium values. We
note that the electrometer values are similar for each type
of water.

2.2. Measurements of equilibrium charge

Table 2 shows the range of equilibrium charge values
reached after keeping the water dielectrics in the Faraday
cage for a few days with no change in internal temperature.
The equilibrium value depends upon the age and tempera-
ture of each sample.

2.3. Measurements of charge using different metal

grounding screws

To determine whether the source of the charge we
measure could be related to galvanic action, we also
conducted an experiment to measure charge of the water
dielectrics using different metal grounding screws. We used a
brass screw and a stainless steel screw to hold the dielectric.
Results are tabulated in Table 3. The values are essentially
similar, and the difference is not thought to be significant.

3. Capacitance measurements

Capacitance of the Faraday cage was precisely measured
with and without any sample inside using a Model AH
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Table 4

Capacitance (pF) measurements of water dielectrics using a stainless-steel

grounding screw

Electrode

position

Distilled

water

Tap water Sargasso

Sea water

0.9%

NaCl

Lower 144.04 144.26 144.26 144.39

Upper 129.76 129.96 129.96 129.92

Table 5

Capacitance (pF) measurements of water dielectrics using a brass

grounding screw

Electrode position Tap water Sargasso Sea water 0.9% NaCl

Lower 144.32 144.44 144.37

Upper 129.92 129.93 129.93

Table 3

Charge (nC) measurements of water dielectrics using different metal

grounding screws

Screw Distilled

water

Tap water Sargasso

Sea water

Brass �1.7 �3.6 �1.64

Stainless steel �2.04 �3.9 �1.38

Table 6

Capacitance (pF) measurements of water dielectrics without a metal

grounding screw

Electrode

position

Distilled

water

Tap water Sargasso Sea

water

Lower 130.54 130.99 132.81

Upper 129.77 129.93 129.86

Table 7

Conductivity measurements of water dielectrics

Distilled water

(mS/cm)

Tap water

(mS/cm)

0.9% Saline

(mS/cm)

Sargasso Sea

water (mS/cm)

0.0116 at

22.70 1C

0.12 at 24.7 1C 0.992 at

22.20 1C

0.46 at

23.70 1C
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2500 capacitance bridge. It was measured when the sample
was within the lower electrode and also when it was within
the upper grounded electrode. Additionally, measurements
were performed with and without using a metal grounding
screw. In the absence of any sample inside the Faraday
cage, the capacitance was measured to be 129.93 pF.
Putting an empty 30ml polyallomer centrifuge tube inside
the Faraday cage, the capacitance was 130.10 pF within the
lower electrode and 129.93 pF within the upper electrode.
The capacitance changes slightly as a result of nonsymme-
trical geometry due to the sample lowering gold-plated
brass rod. Results for other samples with a metal screw
of stainless steel are tabulated in Table 4. The capacitance
was larger when the water sample was within the lower
electrode. All samples showed essentially the same value of
capacitances at lower and upper electrodes. Here, the
distilled water was from MIT and the tap water was from
Cleveland.

Capacitance was also measured using a brass grounding
screw shown in Table 5. The results are essentially similar
to what was observed using a stainless-steel grounding
screw in Table 4.

In the absence of a metal grounding screw, the
capacitance slightly decreased. Results are tabulated in
Table 6. All further charge and open-circuit voltage
measurements were conducted by using brass grounding
screws.
4. Conductivity measurements

Conductivity of the water dielectrics was also measured
using a Model 142 Orion conductivity meter using Orion 2-
electrode conductivity cells [5]. Results of the conductivity
measurements including the temperature of the liquid are
presented in Table 7. Distilled water and tap water were
from MIT.
5. Measurements of charge and open-circuit voltage and

calculation of capacitance using distilled water

5.1. Charge measurements

Fig. 2 shows the measurement of charge with tempera-
ture change as a function of time. Here, the initial value
was �1.21 nC at a room temperature of 31.33 1C. The
temperature controller was set to 60 1C. An increase in
temperature caused the value of negative charge to
increase. After 30min, the value of measured charge
exhibited a steady increase with an increasing temperature.
A duration of 4 h was required for the internal temperature
to reach a peak of 59.24 1C, when the charge value was
about �1.24 nC. The measured charge became �3% more
negative with a 28 1C temperature increase. We concluded
that the value of measured charge of distilled water and its
container was temperature-dependent within the grounded
Faraday cage. The temperature was allowed to remain
constant for about 200min, and during that time the steady
state measured charge was also approximately constant. At
around 350min, the temperature controller was turned off
to allow the internal temperature to return to room
temperature. The value of measured charge then began to
return to the original charge value recorded at room
temperature. At 483min, the experiment was stopped, and
the value of charge returned to �1.21 nC.
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Fig. 2. Negative charge measurement after distilled water in a 30ml

polyallomer centrifuge tube came to rest within the upper Faraday

electrode as temperature was being changed within the Faraday cage.
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Fig. 3. Measurement of open-circuit voltage after the negatively charged

distilled water and its containing tube came to rest within the upper

Faraday electrode as temperature was being changed.
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5.2. Open-circuit voltage measurements

The open-circuit voltage of the active Faraday cup
electrode using distilled water was measured after the
sample came to rest within the upper Faraday cup
electrode. The voltage was recorded using the Keithley
model 617 in the voltage mode.

Fig. 3 shows the variation of voltage with temperature
change as a function of time. The initial voltage was about
�8.21V at a temperature of 26.17 1C. The temperature
controller was set to 60 1C. Similar to the charge
measurement shown in Fig. 2, the negative voltage also
became more negative with an increase in temperature. The
temperature reached a peak temperature of 60.26 1C at
which the measured voltage was about �8.47V. From
about 225min to about 375min of the experiment, the
temperature was nearly constant. During this time period
the voltage was also approximately constant.

It can be noticed that, from about 380min to about
409min, there is a decrease in the data value, denoted as a
solid line in the Volts curve. During that period, the
program was not acquiring any data. Shutting off the
temperature controller at about 375min, the internal
temperature decreased to room temperature, and the
voltage value returned towards the value it had started
with before the temperature increase. This experiment was
stopped after about 9 h. The internal temperature reached a
value of 28.62 1C when the voltage was about �8.29V. This
measurement also demonstrated the negative voltage as
temperature-dependent. Although the experiment ended
before the voltage could reach its initial value, it would
appear that it would have if the experiment had continued.
We concluded that this was a reversible effect. This effect
has been duplicated in other experiments and demonstrates
that the initial values of voltage or charge were a true
equilibrium value at initial temperatures. The initial charge
within a sample often depends upon the container in which
it was stored. Samples poured from glass and plastic
containers can contain different values of initial charge that
are not the desired equilibrium value.

5.3. Calculation of capacitance

From the measurement of charge and voltage with
temperature change as a function of time, we can calculate
capacitance. Capacitance C is related to charge Q and
voltage V as

Q ¼ CV . (1)

From Fig. 2 we have the initial charge value as �1.21 nC
at a temperature of 31.33 1C. From Fig. 3 we have the
voltage value as about �8.25V at around the same
temperature. Using (1) we calculate the capacitance to be
146.66 pF. At the peak temperature, the charge was about
�1.24 nC, the voltage value was about �8.47V and the
capacitance is calculated to be 146.04 pF. The calculated
capacitance is essentially independent of temperature and
close to the values given in Table 4.

6. Measurements of charge and open-circuit voltage, and

calculation of capacitance using tap water

6.1. Charge measurements

The initial measurement of charge using the MIT tap
water showed a charge value of �5.14 nC at a temperature
of 28.49 1C. The sample was allowed to stay inside the
Faraday cage for about 1 day to reach an equilibrium value
of �4.75 to �4.80 nC. Then, a measurement of charge
variation with temperature change as a function of time
was performed, which is shown in Fig. 4.
The initial value of charge was �4.76 nC at an internal

temperature of 29.66 1C. The temperature controller was
set to 65 1C. The measured charge became �4% more
negative with a 34.5 1C increase. The temperature reached a
peak temperature of 64.16 1C, and at that temperature the
value of measured charge was �4.94 nC. The temperature
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Fig. 4. Measurement of negative charge after the tap water in a 30ml

polyallomer centrifuge tube came to rest within the upper Faraday

electrode as temperature was being changed.
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Fig. 5. Measurement of open-circuit voltage after the negatively charged

tap water came to rest within the upper Faraday electrode as temperature

was being changed.
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was allowed to stay approximately constant from about
100 to 230min. During that time, the value of measured
charge was also approximately constant. Then, after
turning off the temperature controller to allow the internal
temperature to reach room temperature, the value of
measured charge also started to return back to about its
original value. The value of charge was about �4.81 nC
when the temperature was about 35 1C. This experiment
showed that the measured charge of the tap water and
its container was also temperature dependent within a
grounded Faraday cage.

The Coulomb measurements of Fig. 4 are an integration
of current by a capacitor within the electrometer. Noise
spikes are, therefore, averaged during the 3 s of sample
motion and integration. The voltage measurements, how-
ever, respond to any system noise occurring at the time that
the measurement is captured by the computer. This
additional noise is apparent in all open-circuit voltage
measurements, as seen in Fig. 5. The analog output of the
Keithley electrometer contains noise pulses created by its
digital display circuit.
6.2. Open-circuit voltage measurements

Fig. 5 shows the measurement of variation of open
circuit voltage using MIT tap water with temperature
change as a function of time. The initial value was
�49.07V at a temperature of 22.25 1C. The temperature
controller was set to 60 1C. It took about 3 h for the
internal temperature to reach a peak temperature of
63.68 1C, where the value of voltage was �50.41V. An
increase in temperature also caused the voltage value to
increase in magnitude. From about 150 to 240min, the
value of temperature was allowed to be constant during
when the voltage was also essentially constant with time.
The temperature controller was turned off at about 235min
of the experiment to permit the internal temperature to
slowly return to room temperature. The experiment was
stopped after the internal temperature reached about
26.0 1C, and the value of measured voltage was �49.38V.
6.3. Calculation of capacitance

An open-circuit voltage measurement was also con-
ducted on 16 August 2003 after the measurement of charge
shown in Fig. 4. At an initial temperature of 32.05 1C, the
measured voltage was �32.70V. At around the same
temperature, the measured charge from Fig. 2 was about
�4.76 nC. Using (1), we calculate the capacitance as
145.56 pF. At the peak temperature of about 64 1C, the
value of voltage was about �32.76V, and the value of
charge was �4.94 nC. Again, using (1) the capacitance was
150.79 pF. Fig. 5 cannot be used with Fig. 4 to calculate the
capacitance, because the experiments were performed at
different times. We recall that the charge and open-circuit
voltage measurements are dependent on the age of the
sample.
7. Measurements of charge and open-circuit voltage using

Sargasso Sea water

7.1. Charge measurements

Charge was measured with temperature change as a
function of time using Sargasso Sea water, as shown in
Fig. 6. The temperature controller was set to 60 1C. The
initial charge was �1.05 nC at a temperature of 21.17 1C.
From about 179 to 346min, the value of temperature was
essentially constant and so was the value of charge. At
179min, the temperature was 58 1C and the value of charge
was �1.08 nC. At 346min, the temperature was 59 1C and
the value of charge was about �1.08 nC as well. Permitting
the internal temperature to decrease to the room tempera-
ture value caused the charge to return back to its original
value. The negative charge increased by �3% for a 37 1C
temperature increase.
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Fig. 6. Measurement of negative charge after the Sargasso Sea water in a

30ml polyallomer centrifuge tube came to rest within the upper Faraday

electrode as temperature was being changed.
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Fig. 7. Measurement of negative charge after the 0.9% NaCl solution in a

30ml centrifuge tube came to rest within the upper Faraday electrode.

Note hardly any charge change during temperature changes.
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Fig. 8. Variation of charge with temperature of an empty 30ml

polyallomer centrifuge tube. Increasing the temperature caused unwanted

charge to decay faster.
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7.2. Open-circuit voltage measurements

Voltage measurements were also conducted, but were
very noisy. The mean value was about �14.76V in the
range of about 28–55 1C.

8. Measurements of charge using 0.9% NaCl solution

A 0.9% NaCl solution was obtained for comparison
with seawater. Its initial charge value was �4 nC per 30ml.
It was kept inside the Faraday cage for about 1 day and
reached an equilibrium value of about �1.68 nC. A
preliminary measurement of charge variation as a function
of temperature and time is shown in Fig. 7.

Fig. 7 shows the initial charge value was �1.68 nC at an
internal temperature of 25.53 1C. Initially, the temperature
controller was set to 55 1C. After 12min, the charge value
unexpectedly dropped from �1.64 nC at 34.31 1C to
�1.38 nC at 35.64 1C. There is no explanation for this
change, and the experiment was not replicated. The
increase in temperature caused only an insignificant change
in the value of the charge measured.

It is possible that the grounding screw connection was
faulty or that the water level failed to make contact with
the ground screw. Peterson had observed this lack of
temperature response in other experiments using ‘‘Jet A’’
aviation fuel. Samples evaporated during heating and
contact with the grounding screw was lost. If no grounding
screw is installed, there is no significant charge change with
temperature changes.

We note that data used in Figs. 6 and 7 is very noisy.
This appears to be caused during corrosion of the brass
grounding screws. After being immersed for several weeks
in seawater or saline, the grounding screw surfaces show
traces of white powder under a microscope. Evidence that
corrosion activity is a cause of noise when using high ion
content water can be drawn from the fact that empty
centrifuge tubes (Fig. 8) do not create noise in the charge
measurement process. This may explain why samples
change with age when they contact the brass screw
continuously. Further experiments will try to use inert
metal screws made of gold or platinum to reduce the noise
and contamination of distilled water due to absorbed
metal ions.

9. Measurements of empty polyallomer centrifuge tube

charge component and its temperature properties

It is impossible to prevent the creation of surface charge
on the sample tube as the sample is inserted into the
Faraday cage assembly. Therefore, a sufficient time must
be allowed for this unwanted charge to decay before data is
plotted. Fig. 8 shows a plot started soon after introducing
an empty tube. The initial surface charge can be seen to
decay over a period of 470min as the tube charge reached
an equilibrium value. There was no increase of negative
charge as the temperature was raised. On the contrary,
heating increased the rate of unwanted charge decay.
A small hole was made in the tube to prevent expansion or
stress from heating.
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10. Conclusion

The experiments reported here are representative of
many more that have been conducted to date. They can be
readily replicated using similar conditions of temperature,
pressure and humidity. Capacitance and input offset
measurements have ruled out the possibility that results
are caused by capacitance changes. The use of different
electrometers shows us that the results are not an artifact of
a single instrument. Data for experiments using different
grounding screw materials shows that the primary cause of
dielectric equilibrium charge, and charge change with
temperature, is not due to galvanic action. Care and
patience assured that non-zero equilibrium charge states
were achieved.

A complete explanation of this liquid dielectric measure-
ment phenomenon remains under investigation in our lab.
Our most recent experiments suggest that these effects may
relate to water/plastic surface interface conditions. Differ-
ent charge values are obtained using centrifuge tubes made
from alternative plastics; however, plastics with similar
surface wetting properties produce comparable results. The
addition of surfactant wetting agents to the liquid samples
alters their measured charge values.

There are several factors that affect possible models for
this phenomenon. It is well known that the dielectric
permittivity of water decreases approximately 0.7%/1C
[6,8,9]. ‘‘Organization of water [dipoles] can decrease the
permittivity by a factor of 5 or more’’ [7]. This organization
may occur at the centrifuge tube inner surface. Helmholtz
double layer effects at the grounding electrode surface are a
function of water ion content and temperature. The double
layer potential may be a barrier to the smooth transfer of
charge to and from water samples containing salts. This
may explain increased noise. The percent of hydrogen
bonds broken increases with increasing temperatures
between 0 and 1001C, and may affect the phenomenon [6].
If a significant portion of the net charge that we measure
is suspended within the water sample volume, a change in
water permittivity would affect the Coulomb forces acting
between the net charge sources (ions) and disturb
equilibrium. A charge would enter or leave the water
volume by way of the grounded screw as equilibrium is
restored.
The apparatus and procedures used to conduct these

experiments have proven reliable and cost effective. We
believe that our methods and procedures can be applied to
a broad range of charge and charge decay rate studies that
involve not only liquids but also solids and gases.
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