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Apparent excess heat is observed in light water elec-
trolytic cells containing a variety of nickel cathodes, a
platinum anode, and an electrolyte of K,COj in H,O.
High-accuracy calorimetric measurements show appar-
ent excess heat in the range of 15 to 37% of input power
if a 100% Faraday efficiency is assumed for H, and O,
gas release. The H, and O, gases released during elec-
trolysis are recombined in a vessel external to the cell,
and the quantity of recombined H,O is compared with
the quantity of H,0 expected from 100% efficient
electrolysis. The measured Faraday efficiency is shown
to be significantly <100%, and conventional chemis-
try can account for the entire amount of observed ap-
parent excess heat to within an accuracy of better than
0.5%.

I. INTRODUCTION

Several recent publications reported the observation
of excess heat upon electrolysis of an aqueous alkali-
carbonate electrolyte using a variety of metallic cath-
odes. Mills and Kneizys! reported excess heat in the
range of 150 to 3700% usin§ a nickel cathode and
pulsed electrolysis. Noninski,? Bush,? Notoya,* Srini-
vasan et al.,’ and others also reported the observation
of excess heat in a variety of alkali-carbonate electro-
lytes. To explain the source of the observed excess heat,

Mills and Kneizys presented a theory whereby hydrogen

atoms undergo transitions to quantized energy levels
lower than the conventional ground state to form hy-
drino atoms. Bush rejected the novel theory presented
by Mills and Kneizys in favor of an alkali-hydrogen
cold fusion reaction theory.

Since the original publication by Fleischmann and
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Pons® announcing the discovery of excess heat in Pd-
D,0 electrochemical cells, questions have been asked
regarding the application of rigorous experimental
methodology in accounting for all the energy invested
in and flowing out of such cells. One area of concern
has been the common assumption that the Faraday
efficiency for evolution of H, (or D,) and O, gas is
100% . Another area of uncertainty has been the accu-
racy of calorimetric measurements.

Noninski offers a discussion of the Faraday effi-
ciency along with the possibility of competing electro-
chemical reactions in the electrolyte and the possibility
of internal recombination of H, and O, and concludes
that further experimental investigation is necessary. A
detailed investigation of the Faraday efficiency in light
water cells is presented here along with a sensitive and
accurate measurement technique.

In the area of calorimetry, Fleischmann and Pons®’
report measurements using a heat-loss type calorim-
eter. A similar approach using a closed cell with an in-
ternal recombiner is described by Eagleton and Bush.?
McKubre et al.? and Storms'? also describe calorimetric
measurements in closed cells using a flow calorimeter.
A significant improvement in the accuracy of calori-
metric measurements using a new design of a heat-loss
type calorimeter is presented here with a clear demon-
stration of improved absolute accuracy and long-term
stability.

All reports of observed excess heat in an open elec-
trolytic cell involve a correction for the enthalpy of
formation (A H) of liquid H,O to form H, and O, gas.
This correction, equal to A H = 285.8 kJ/mol (Ref. 11),
has been generally applied as a subtraction of 1.481 V
from the cell voltage (V). The net result of such a cor-
rection was that the thermal energy input to the cell was
assumed by all investigators to be

E, = f(V— 1.481)Idt , (1)
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where [ is the cell current. The validity of Eq. (1) war-
rants further investigation in view of the lack of suffi-
cient experimental evidence that the Faraday efficiency
of H, and O, gas evolution is indeed 100%.

In closed cells with an internal recombiner, the un-
known contributions of competing reactions and inter-
nal recombination are avoided. Since the evolving H,
and O, gases are internally recombined, 1.481 V is not
subtracted from the cell voltage, so this element of un-
certainty in the thermal energy input to the cell is re-
moved. However, a fraction of the heat is dissipated
by the recombiner in the air space above the electrolyte,
thus changing the spatial distribution of heat flow from
the cell. This is a possible source of calibration errors.
One method to improve the calibration accuracy is to
use an inert cathode (e.g., platinum) or to use reverse
electrolysis as performed by Eagleton and Bush.® How-
ever, until it is conclusively shown that the Faraday
efficiency does not vary between calibration and oper-
ation of the cell and does not vary with hydrogen load-
ing of the cathode during normal operation, claims of
excess heat in closed cells may still be subject to cali-
bration errors.

A significant improvement in calibration and in the
accuracy of determining energy input to the cell can be
realized by recombining the evolving H, and O, gases
in a recombination vessel external to the cell and cal-
orimeter. By comparing the quantity of recombined
H,O to the quantity of H,O expected from 100% effi-
cient electrolysis, one can determine the actual Fara-
day efficiency and accurately account for all the energy
invested in the cell.

Il. DETERMINATION OF FARADAY EFFICIENCY
AND CELL ENERGY BALANCE

In an aqueous electrolytic cell, the cell current has
three components:

1. I,, which is the electrolysis current evolving H,
and O, gas that leaves the cell

2. I, which is the electrolysis current evolving H,
and O, gas that recombines inside the cell

3. I,, which is the parasitic current that does not
evolve H; or O, gas.

The total cell current is the sum of the three compo-
nents:

I=1I+1,+1, . 2)
The thermal power input to the cell is given by
Pin = (I, + I,)V + I, (V — 1.481) = VI — 1.4811, ,
(3)

where V is the anode-to-cathode cell voltage. The
subtraction of 1.481 V may be applied only to the I,
component of the cell current since the /., and 1, com-
VOL. 28
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ponents do not release H, and O, gas that leaves the
cell.

The relative magnitudes of /., I,,, and I, can vary,
in general, as a function of cell voltage, electrode ma-
terials, loading ratio of hydrogen or deuterium in the
cathode, electrode surface areas, contaminants in the
electrolyte, and electrode current densities. In pulsed-
current experiments, /., I.,, and I, can also vary with
frequency and duty cycle. Pulsed-current electrolysis
presents a further complication as the cell voltage and
current are not necessarily in phase and may vary with
time within the pulse of applied current.

If the duty cycle of the current pulses is low, I,
can become a dominant fraction of the total cell cur-
rent since internal H,-O, recombination takes place
100% of the time while the electrical power input is in-
tegrated over only a small fraction of time equal to the
duty cycle of the pulses.

By recombining the escaping H, and O, gases
using a high-efficiency recombiner in a separate vessel
outside the cell to form H,0, we can determine the /,
component of the cell current using Faraday’s law:

2FM/18.015 = nfledt , 4)

where
M = mass of the externally recombined H,O (g)
F = Faraday constant
n = recombiner efficiency.

Once we measure M and 5, we can also determine
the Faraday efficiency of H, and O, gas release, which
is given by

Faraday efficiency = ————— . (5)
18.0157 f Idt

Determining the relative magnitudes of /., and I, is
more difficult. However, for the purpose of calculat-
ing cell energy balance or for determining the Faraday
efficiency of H, and O, gas release, separation of 7,
and 7, is not necessary.

Using Eq. (3), we find that the integrated thermal
energy input to the cell in joules is

E,-,,=fP,-,,dt=f Vldt—l.481fledt. (6)

Combining Eqs. (4) and (6) yields the desired expres-
sion for the total cell energy input:

E;, = f VIdt — 15864 M/y . )

It follows that for proper determination of cell
energy input, measurement of only the electrical energy
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[VIdt is not sufficient. One must also measure M
and 7.

Any excess heat is given by

En=E,, —E, = ,,,,,—f VIdt + 15864 M/y ,

®

where E,,, is the total thermal energy developed in the
cell.

HI. CELL CONSTRUCTION

Each experiment consisted of an electrolytic cell in-
side a calorimeter, an H,-O, recombination vessel, and
a gas monitor. The cell, the recombination vessel, and
the gas monitor were connected with Tygon® tubes, as
shown in Fig. 1.

The electrolytic cell consisted of a borosilicate glass
beaker filled with 90 ml of 0.57 M K,CO; in high-
performance liquid chromatography-grade H,O, a
nickel cathode, a platinum anode, a nickel-chromium
resistive heater for calibration, and a thermistor inside
a bottom-sealed polytetrafluoroethylene (PTFE) tube.
All electrical lead wires were covered with PTFE tubes,
and the only materials in contact with the electrolyte
were glass, nickel, platinum, and PTFE. A schematic
view of the cell is shown in Fig. 2.

Two types of cathodes were used. Type A cathodes
were made of 10000 turns of cold drawn nickel wire,
99.95% pure, 25 um in diameter (Molecu, New Jersey),
wound in a loose coil around a mandrel of 9.7-mm-
diam cylindrical nickel tube with perforated walls. Total
wire length was ~425 m. The coil winding pattern was
designed to give a volume fill factor of ~3% nickel, al-
lowing 97% of the space within the coil volume to be
filled with the electrolyte. The nickel coil assembly was
cleaned by soaking it in acetone and methanol and was
sintered at 1100°C for 2 h in an atmosphere of 95% ar-
gon/5% H, at atmospheric pressure. Type B cathodes
were made of Fibrex® sintered nickel mesh (National
Standard, 80% fiber/20% powder) rolled in two lay-
ers around the same nickel mandrel as in type A cath-
odes and secured with two turns of 1-mm nickel wire.
Type B cathodes were not cleaned or sintered after as-
sembly. Electrical connection to the cathode was pro-
vided by tack welding a 0.5-mm platinum wire to the
nickel mandrel.

The anode was made of a spiral of 99.99% pure
platinum wire, 121 cm long and 0.5 mm in diameter.
The anode spiral diameter was ~2.5 cm.

The resistive heater was made of Ni-Cr wire sol-
dered to copper lead wires. The entire length of the
Ni-Cr resistive element was immersed under the elec-
trolyte level near the bottom of the cell to ensure that
all of the thermal energy developed in the resistive ele-
ment would be dissipated in the electrolyte and not in
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Fig. 1. The H, and O, gases from the cell flow to the re-
combination vessel and recombine on the platinum-
black recombiner. Recombined H,O accumulates at
the bottom of the vessel. Residual H, and O, gases
that do not recombine flow to the gas monitor and
displace an equivalent volume of oil in the graduated
monitor tube.

the air space above it. The Cu/Ni-Cr/Cu assembly was
snaked through a thin PTFE tube, and both ends of the
PTFE tube came out of the cell through the cell cover.
This configuration prevented any contact between the
electrolyte and the heater materials.

Each cell had a thermistor inside an oil-filled
bottom-sealed PTFE tube placed at the center of the
nickel mandrel to monitor the electrolyte temperature.
However, the electrolyte temperature was not used for
calorimetry, as is shown in Sec. IV.

The cathode, the anode, the heater, and the therm-
istor tube were mounted to a PTFE cover that was
sealed to the glass beaker with a rubber O-ring. All
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Fig. 2. Detailed view of the electrolytic cell.

feed-through connections and mountings were hermet-
ically sealed to the cover using hot-melt glue. Two
openings in the cover were fitted with polypropylene
tube connectors. Tygon® tubes connected these open-
ings to the recombination vessel. Even though one such
opening was sufficient from the functional point of
view, it has been recommended'? that all such cells be
fitted with redundant openings to avoid accidental pres-
sure buildup in the cells in case one opening becomes
plugged. The availability of redundant openings in
the cell cover also made it easy to refill the cell with
H,O0 to replenish the quantity of H,O that left the cell
through electrolysis.

The recombination vessel was a 25-ml test tube with
a two-hole rubber stopper. Stainless steel tubes inserted
into the stopper holes served as fittings for connecting
the Tygon® tubes. A 1-cm? catalytic recombiner, made
in-house with platinum-black on porous PTFE, was
clamped between the stopper and the wall of the test
FUSION TECHNOLOGY

VOL. 28 NOV. 1995

Shkedi et al. Ni-H,O ELECTROLYTIC CELLS
tube. As the H, and O, gases recombined on the re-
combiner, the H,O vapor condensed and accumulated
in the test tube.

The gas monitor (shown in Fig. 1) was connected
to the recombination vessel to monitor the recombiner
efficiency. A 25-ml graduated pipette was partially
filled with low-vapor-pressure oil. The bottom of the
pipette was dipped in an oil container while the top of
the pipette was connected to the recombination vessel.
The oil container could be moved up and down to ad-
just the oil level in the container to be equal to the oil
level inside the pipette, thus eliminating gas volume
variations due to hydrostatic pressure buildup. Any
H,-O, recombination inefficiencies in the recombiner
would show up as a displacement of an equivalent vol-
ume of oil inside the pipette due to the escaping H,
and O, gases.

To ensure personnel safety, we designed and con-
structed the experimental setup with a high likelihood
of an explosion in mind. The platinum-black recom-
biner is capable of igniting the H,-O, gas mixture
thereby causing an explosion. Several cells have been
destroyed through such explosions. All explosions hap-
pened while connecting or disconnecting tubes between
the cell, the recombination vessel, and the gas monitor
or when trying to remove the accumulated water from
the recombination vessel. Each explosion is believed to
have been triggered by a sudden increase in the flow
rate of the H,-O, gas mixture in the recombination
vessel. The explosion may have started inside the re-
combination vessel, propagated through the intercon-
necting tubes, and ignited the H,-O, gas mixture in the
cell. Any operation that might restrict the free flow of
gas from the cell or any operation that may cause a sud-
den increase in the flow rate of H, or O, toward the
recombiner should be avoided. For additional safety
recommendations, see Ref. 13.

IV. CALORIMETRY

The calorimeters were carefully designed to over-
come some critical weaknesses that have been noticed
in publications claiming the observation of excess heat:

1. Unaccounted thermal losses, especially through
the cell cover, were reduced to a level comparable to
the measurement error of the calorimeter.

2. In closed cells that include an internal recom-
biner, calibration must be performed with an equal rate
of heat generation in the actual location of the recom-
biner, as heat generated in the recombiner near the top
of the cell changes the spatial distribution of heat flow
from the cell. Such cells were calibrated with actual
electrolysis current using an inert cathode.

3. Open cells cannot be properly calibrated with
electrolysis current unless the Faraday efficiency is pre-
cisely known. To avoid any errors due to unknown
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and possibly unstable Faraday efficiency, a calibration
heater was used. It was fully immersed in the electro-
lyte, in close proximity to the location of heat genera-
tion in the actual cells. The difference in the heat-flow
distribution due to the lack of bubbles during calibra-
tion was found to be insignificant. This was one of the
benefits of the low level of unaccounted thermal losses
from the calorimeter.

4. Variations in electrolyte level during operation
of the cell (due to electrolysis of H,O) were initially
found to have a measurable effect on the calorimeter
calibration coefficients since the spatial distribution of
thermal resistance for heat loss from the cell varies with
electrolyte level. To overcome this sensitivity, we fine
tuned the geometry of the calorimeters and the location
of the temperature probes until the calorimeter calibra-
tion coefficients were insensitive to variations in elec-
trolyte level near the desired operating point.

5. Using the temperature difference between the cell
electrolyte and the ambient surrounding the calorim-
eter (usually water) was found to be the most signifi-
cant source of error. This error is equivalent to the error
in trying to measure the electrical resistance of a low-
value resistor using high current and a two-wire mea-
surement. The accuracy of a four-wire measurement of
electrical resistance is far superior to that of a two-wire
measurement. The same holds true for calorimetry.
The calorimeters were designed therefore to employ the
equivalent of a four-wire measurement in which the
temperature drop caused by the heat flux from the cell
was measured across a stable thermal resistor with equi-
thermal terminations. The temperatures of the heat
source (the cell) and the heat sink (the cooling water)
were not considered for calorimetry.

Eight calorimeters were designed and fabricated at
the Bose engineering laboratories. The calorimeters
were of the heat loss type and consisted primarily of
two concentric copper cups with a silicone rubber ther-
mal insulation layer between the cups. A schematic view
of a calorimeter is shown in Fig. 3.

The outer copper cup was maintained at a constant
temperature of 30.0°C with temperature-controlled cir-
culating water. The electrolytic cell was placed inside
the inner copper cup. The gap between the glass bea-
ker and the inner copper cup was filled with low-vapor-
pressure oil for thermal contact. The overall thermal
resistance from the cell electrolyte to the inner copper
cup and from the inner copper cup to the outer cop-
per cup was ~1.5 and 0.95°C/W, respectively.

Thermal energy developed in the cell flows out
through the inner copper cup, the silicone rubber, and
the outer copper cup. The average temperature differ-
ence between the copper cups is a very precise measure
(after calibration) of the heat flux flowing out of the
cell. A small fraction of the thermal energy (~10 to
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Fig. 3. Cross section through a calorimeter. The internal de-
tails of the electrolytic cell (see Fig. 2) have been
omitted for clarity.

20 mW) is lost through the top of the cell and is not in-
tegrated by the copper cups. However, since exactly the
same fraction is lost during calibration, the net result
is no loss of accuracy.

The space above the cell cover was filled with crum-
pled paper towels and foam insulation sheets for ther-
mal insulation. The thermal resistance for heat loss
from the cell to the outside world through the cover and
the top insulation was ~650°C/W. This path for heat
loss reflects itself in the value of the coefficient 4 in
Eq. 9).

The temperature of each of the copper cups was
monitored with two 10-k€ (at 25°C) glass-sealed therm-
istors inserted into vertical holes that were drilled in the
walls of the copper cups and filled with oil. A fifth
thermistor, protected with a bottom-sealed and oil-
filled PTFE tube, was inserted into the cell electrolyte
for monitoring the electrolyte temperature. All therm-
istors were aged for many weeks at high temperature
to reduce long-term drift and were calibrated against
a National Institute of Standards and Technology trace-
able standard to an absolute accuracy of +0.1°C and
a relative (or differential) accuracy of +0.004°C.

Cell electrolysis current and cell heater current
were determined by measuring the voltage across wire-
wound 0.5-Q current-sense resistors that were heat sunk
NOV. 1995
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to a large aluminum plate and calibrated using a high-
accuracy current source.

The data acquisition system consisted of a multi-
plexed, 16-bit, variable gain, analog-to-digital converter
and a Macll computer. All the electrical wiring con-
necting the data acquisition system with the cells and
calorimeters consisted of twisted and shielded pairs.
All electrical sense lines were separated from current-
carrying lines. All electrical parameters (electrolysis and
heater voltage, electrolysis and heater current, and
thermistor resistance) were measured once per second,
averaged over a 2-min period, and recorded once ev-
ery 2 min.

For calibration, the calorimeters and cells were fully
assembled as described earlier, and the heater power
was stepped every 6 h for several days until the entire
power range of interest was covered. The nickel cath-
ode was maintained at a cathodic voltage of ~0.7 V and
a cell current of ~0.1 mA during calibration.

The calorimeter response was fitted to a third-order
polynomial:

3
heater power = dE,,,/dt = Y, A/(AT)" , )
i=0

where A; are calibration coefficients and AT is the av-
eraged temperature difference between the inner cop-
per cup and the outer copper cup at steady state.

A typical calibration curve of a calorimeter and the
values of the calibration coefficients (A4,) are shown in
Fig. 4. The circles in each graph represent actual data
points while the solid line represents the best fit. The
averaged temperature difference between the inner and
outer copper cups is shown in Fig. 4a as a function of
input power. The deviations of individual calibration
points from the best-fit line are shown in Fig. 4b with
a root-mean-square (rms) value of 0.00063 W corre-
sponding to 0.016% of full scale.

A long-term zero-balance response of a calibrated
calorimeter is shown in Fig. S. Interestingly, the calo-
rimeter shown in Fig. 5 was a closed cell with a pal-
ladium cathode in a 0.1 M LiOD electrolyte. This
calorimeter was operated for 256 days with no traces
of excess heat nor loss of accuracy. Each data point in
Fig. 5 represents excess energy as a fraction of the to-
talinput energy to the cell, both integrated over a 48-h
period. Significant deviations from the zero line oc-
curred only upon changes in the input power to the cell
or upon power failures that stopped the flow of the
constant-temperature cooling water. Cell current was
not interrupted during power failures. No long-term
drift was noticeable during the entire operating period.
The absolute accuracy of the calorimeter can be appre-
ciated from E,,/E;, = 2.4 x 10~ 4, which represents the
overall ratio of excess energy relative to input energy,
both integrated over the entire range of day 10 to day
256. This level of accuracy is equivalent to an average
power accuracy of 0.6 mW.

FUSION TECHNOLOGY
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V. EXPERIMENTAL PROCEDURE

Four cells were operated simultaneously at direct-
current cell currents of 0.18, 0.35, and 0.6 A. After
startup of each cell and after a change in the cell cur-
rent, the calorimeters were allowed to reach thermal
steady state (4 to 6 h). Data recorded during this sta-
bilization period were ignored. For each of the cells, the
integrated electrical energy input (f ¥7dt), the cell ther-
mal energy output (E,,,), and the weight of the H,O
accumulated in the recombination vessel were recorded
simultaneously at irregular intervals ranging from 4 h
to 4 days.

To test for the possibility of H,O evaporation
from the cell and condensation in the recombination
vessel, we removed the recombiner from the recombi-
nation vessel for several days. The recombination vessel
remained completely dry with no traces of condensation.

To determine the recombiner efficiency, we as-
sumed the volume of oil displaced in the gas monitor
to be equal to the volume of H, and O, gas that es-
caped the recombiner. All the H, and O, gases that left
the cell were either collected as H,O in the recombina-
tion vessel or as gas in the gas monitor. Using Faraday’s
law, we determined that 0.6 + 0.2% of the H, and O,
gases that left the cell failed to recombine in the recom-
bination vessel. Hence, the recombiner efficiency was
established as 9 = 0.994.

Approximately every 2 to 4 days, the H,O accu-
mulated in the recombination vessel was returned to the
cell to maintain a constant volume of electrolyte.

After a number of measurement cycles, two of
the cells (W12E6 and W16E7) were intentionally con-
taminated by adding 25 mg of CuSQ,, 8 mg of Fe,O3
dissolved in HCI, and 100 mg of “Micro” liquid deter-
gent to the electrolyte. The purpose of the intentional
contamination was to study its effect on the Faraday
efficiency. The addition of copper was suggested by
Bush.!4

VI. RESULTS

Tables I through IV show the operating conditions
and the measurement results for each of the four cells.
Each line in Tables I through IV represents an experi-
ment interval that lasted for a number of days, as
shown in the “duration” column. The first two columns
show the cell current (/) and the presence of additives,
if any, in each of the experiments. The column labeled
“f VIdt” shows the total integrated electrical energy in-
put, “E,,.” is the thermal energy output as determined
by the calorimeter, and “M” is the quantity of H,O ac-
cumulated in the recombination vessel. The actual en-
ergy input to the cell in each experiment interval (£;,)
was calculated using Eq. (7), and the Faraday efficiency
was calculated using Eq. (5).
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Fig. 4. (a) A typical calibration curve of a calorimeter and the calibration coefficients (A;) and (b) the deviations of indi-

vidual calibration points from the best-fit line.

Two approaches were taken to determine excess
heat. The conventional approach assumes that the Far-
aday efficiency is 100%. In that case, the apparent ex-
cess heat is given by

apparent excess heat (%)
Eou,—f (V- 1.481)Idt

= 100- . (10)
f(V—- 1.481)1 dt

On the other hand, if the actual Faraday efficiency
is taken into account, then the real excess heat (E,,) is
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calculated using Eq. (8). The last two columns in Ta-
bles I through I'V show the apparent excess heat and the
percentage ratio of real excess heat (100-E,,/E;,) for
each of the experiments.

The overall weighted average of E,,/E;, for each
of the cells is shown in Table V along with the grand
total of E,./E;, for all four cells combined. The grand
total of E,,/E;, = 0.13 = 0.48% clearly indicates that
there is no real excess heat in these Ni-K,CO;-H,O
electrolytic cells.

The additions of CuSO,, Fe,O3, or Micro detergent
to cells W12E6 (Table I) and W16E7 (Table III) did not
have a notable influence on the Faraday efficiency or
NOV. 1995
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Fig. 5. A long-term zero-balance response of a calibrated
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on the apparent excess heat. This result suggests the
need for further investigation in view of somewhat con-
trasting observations by Srinivasan et al.,’> who report
an increase in the apparent excess heat in the presence
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of copper metal and a decrease or total disappearance
of apparent excess heat in the presence of stainless steel.

Changing the cell current had a more observable ef-
fect. In the noncontaminated cells W1SES (Table II)
and W17E4 (Table IV), the current was first reduced
from 0.35t0 0.18 A, then it was increased to 0.6 A. Re-
ducing the current caused a small decrease in the Far-
aday efficiency and an increase in the apparent excess
heat of cell W17Ed4. This effect was reversed upon in-
creasing the current to 0.6 A. In cell W15ES, reducing
the current had no significant effect; however, raising
the current to 0.6 A increased the Faraday efficiency
to near 100% while reducing the apparent excess heat
to near zero.

In all the cells and all the experiments, the real ex-
cessheat hovered at about zero with a weighted rms de-
viation of ~ 1% and was not affected by any of the cell
operating conditions.

To conclude the experiments, we relocated two of the
recombiners from the recombination vessels to inside the
cells to form closed-cell experiments. Each recombiner
was suspended from the PTFE cell cover, hanging ver-
tically in the vapor space above the electrolyte. No other
changes were made to the cell/recombination-vessel/gas-
monitor system. In this closed-cell configuration, all the
electrical energy was invested in the cell, and no cor-
rection was applied for the enthalpy of formation of
H, and O, gas from liquid H,0.

TABLE I

Operating and Performance Parameters of Cell W12E6
Cathode Type A (Nickel Coil)

Cell Duration, M Faraday Apparent

Current t [VIdt E,. H,0 E, Efficiency | Excess Heat | E../E,,
(A) Additives? (days) J) J) (g d (%) (%) (%)
0.350 -— 1.1245 96 350 57659 | 2.38 58365 75.42 25.38 —-1.21
0.350 -—- 2.8845 255289 | 153187 | 5.91 160966 73.01 21.48 —4.83
0.350 -— 0.9867 86 995 52104 | 2.15 52681 77.65 21.73 -1.10
0.350 - 1.0412 91574 54678 2.32 54 547 79.40 21.67 0.24
0.350 -—- 0.1970 17350 10151 | 0.45 10168 81.39 19.06 -0.17
0.350 -—- 0.7304 64255 37999 | 1.62 38400 79.04 20.46 —1.04
0.350 - 1.0504 92 369 54415 | 2.40 54065 81.42 20.05 0.65
0.350 - 3.0014 269841 | 159095 | 7.00 | 158122 83.11 17.48 0.61
0.350 - 0.9837 90327 53103 | 2.32 53300 84.04 14.77 -0.37
0.350 - 0.2978 27212 15962 | 0.71 15 880 84.96 15.04 0.51
0.350 Cu 0.7111 67398 39957 | 1.72 39947 86.19 12.40 0.02
0.350 Cu 1.2000 113539 68691 | 2.83 68 372 84.04 14.88 0.47
0.350 Cu 0.7926 74663 45257 | 1.85 45137 83.18 15.55 0.26
0.350 Cu, Fe 3.9939 368730 | 226296 | 8.48 | 233391 75.66 19.19 -3.04
0.350 Cu, Fe 0.9837 91121 55731 | 2.19 56 169 79.33 18.42 -0.78
0.600 Cu, Fe 0.9171 154 665 99499 | 3.51 98 646 79.56 18.09 0.86
0.600 Cu, Fe 0.7941 134717 86939 | 2.95 87635 77.22 17.88 —-0.80

3“Cu” indicates 25 mg of CuSO,, “Fe” indicates 8 mg of Fe,O; predissolved in 1 ml of HCI.
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TABLE II
Operating and Performance Parameters of Cell W1SES
Cathode Type A (Nickel Coil)
Cell Duration, M Faraday Apparent
Current t [VIat E, . H,0 E,, Efficiency | Excess Heat | E,./E,,
(A) Additives® (days) (0)) ) (2 d (%) (%) (%)
0.350 -—- 0.7231 64621 36547 | 1.67 | 37968 82.30 13.37 -3.74
0.350 -— 2.8933 256600 | 148829 | 6.58 | 51584 81.04 17.17 —1.82
0.350 -— 0.9823 86075 49966 | 2.14 | 51921 77.64 18.73 -3.77
0.350 -— 1.0487 90816 52245 | 2.36 | 53150 80.20 19.14 -1.70
0.350 -— 0.1911 16482 9446 | 0.43 9619 80.18 19.22 -1.80
0.350 -— 0.7319 62762 35788 | 1.65 | 36428 80.34 19.35 -1.76
0.350 - 1.0504 89131 50193 | 2.41 | 50667 81.76 19.26 -0.94
0.350 -— 3.0028 253888 | 143491 | 6.75 | 46159 80.11 20.17 —-1.83
0.350 -— 0.9823 83667 48883 | 2.11 | 49991 76.55 23.20 -2.22
0.350 -— 1.0089 85319 48760 | 2.26 | 49249 79.82 21.49 -0.99
0.350 -— 1.2000 102324 58224 | 2.72 | 58913 80.77 19.85 —1.17
0.180 -— 0.7867 32625 18390 | 0.87 | 18740 76.63 26.78 —1.87
0.180 -— 4.0458 167692 90365 | 4.65 | 93479 79.64 21.28 -3.33
0.180 -— 0.9808 41726 21469 | 1.22 | 22255 86.19 12.19 —-3.53
0.600 -— 0.9126 149119 82651 | 4.29 | 80651 97.72 4.55 2.48
0.600 -— 0.7956 132196 71301 | 3.77 | 72027 98.50 0.26 —-1.01
2This cell had no additives.
TABLE III
Operating and Performance Parameters of Cell W16E7
Cathode Type B (Nickel Fibrex)
Cell Duration, M Faraday Apparent
Current t [VIdt E,. H,0 E., Efficiency | Excess Heat | E,./E,,
(A) Additives?® (days) J) J) (€3] J) (%) (%) (%)
0.350 -—- 2.8149 248975 | 150912 | 6.07 | 152099 76.84 22.78 —0.78
0.350 -— 1.0030 89108 55298 | 2.04 56550 72.48 25.14 -2.21
0.350 -— 1.0324 91480 56826 | 2.17 56 847 74.91 25.60 -0.04
0.350 -— 0.2044 18129 11299 | 0.43 11266 74.95 25.92 0.29
0.350 -—- 0.7304 64693 40470 | 1.51 40593 73.67 26.54 —-0.30
0.350 - -— 1.0489 92691 57851 | 2.20 57579 74.74 26.55 0.47
0.350 -— 3.0014 267504 | 169578 | 6.22 | 168234 73.85 27.42 0.80
0.350 -— 0.9837 88 821 57675 | 1.94 57859 70.28 28.84 -0.32
0.350 -— 0.2978 26790 17066 | 0.62 16 894 74.19 26.85 1.01
0.350 Cu 0.7126 65 545 42122 | 1.48 41924 74.01 25.25 0.47
0.350 Cu 1.1986 110564 71278 | 2.50 70664 74.33 25.30 0.87
0.350 Cu, Det 0.7941 74 092 48482 | 1.63 48077 73.15 25.84 0.84
0.350 Cu, Det 4.0324 377694 | 240037 | 8.76 | 237886 77.42 21.78 0.90
0.350 Cu, Det 0.9867 93056 57093 | 2.26 56986 81.62 16.84 0.19
0.600 Cu, Det 0.9200 157829 | 101039 | 3.62 | 100054 81.79 15.88 0.98
0.600 Cu, Det 0.7956 135874 86067 | 3.18 85121 83.09 15.07 1.11
a“Cu” indicates 25 mg of CuSQ,; “Det” indicates 100 mg of Micro detergent.
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TABLE IV

Operating and Performance Parameters of Cell W17E4
Cathode Type B (Nickel Fibrex)

Cell Duration, M Faraday Apparent

Current t [VIat E,. H,0 E, Efficiency | Excess Heat | E../E;,
(A) Additives?® (days) J) J) ® g (%) (%) (%)
0.350 -—- 2.8312 257013 | 157848 | 6.27 | 156945 78.92 21.22 0.58
0.350 - 0.9778 88354 54063 | 2.11 54678 76.90 21.32 -1.13
0.350 - 1.0531 94 248 57928 | 2.30 57 540 77.83 23.03 0.67
0.350 -—- 0.1867 16720 10113 | 0.39 10495 74.45 20.97 -3.65
0.350 -—- 0.7348 65 533 40109 | 1.63 39518 79.05 22.95 1.49
0.350 - 1.0519 93092 56998 | 2.30 56384 77.92 23.96 1.09
0.350 -—- 3.0014 268014 | 165881 | 6.50 | 164275 77.18 24.17 0.98
0.350 -—= 0.9837 88 652 54189 | 2.15 54338 77.88 21.51 —0.28
0.350 - 1.0074 89695 55164 | 2.18 54902 77.11 23.75 0.48
0.350 -—- 1.2000 107201 65842 | 2.64 65067 78.40 23.17 1.19
0.179 -—= 0.7867 33692 21470 | 0.81 20764 71.74 36.99 3.40
0.179 - 4.0502 171057 | 106821 | 3.99 | 107377 68.64 36.44 —-0.52
0.179 -—= 0.9763 41346 26163 | 0.92 26663 65.66 37.82 —1.88
0.600 - 0.9097 146848 94372 | 3.39 92744 77.47 22.55 1.75
0.600 -—- 0.7971 129553 82505 | 3.00 81673 78.24 20.70 1.02

2This cell had no additives.

Cells WI15ES and W17E4 (the noncontaminated
cells) operated as closed cells for 15 days at a current
of 0.35 A. None of the cells showed any excess heat.

Because of the high level of interest in heavy wa-
ter experiments involving the original Fleischmann and
Pons configuration, i.e., palladium cathodes in LiOD
and D,O electrolytes, a large number of experiments
were performed in such cells as well using a large va-
riety of metallurgically different palladium. Twenty
eight closed cells and 126 open cells were operated for
a total of 1440 and 2760 cell-days, respectively. The
heavy water cells were operated at much higher current
densities than the light water cells, so the Faraday ef-
ficiency should be higher. However, since none of these
cells showed any excess heat, no attempts were made

TABLE V
Excess Heat — Overall Weighted Average

Eex/Ein
Cell Number (%)
WI12E6 -1.17 £ 2.15
WI1SES —1.65 + 1.39
WI16E7 0.35 +£0.75
WI17E4 0.58 + 0.74
Grand total 0.13 + 0.48
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to measure the Faraday efficiency. A detailed descrip-
tion of the heavy water experiments would belong in
a separate publication.

Vil. CONCLUSIONS

Some of the most critical questions regarding re-
ported observations of excess heat in light water cells
have been answered by this research. We have clearly
demonstrated that the Faraday efficiency may not be
taken for granted. Internal recombination of hydrogen
and oxygen is most likely to be the primary mechanism
for reduced Faraday efficiency; however, other mech-
anisms, like parasitic electrochemical reactions not in-
volving generation of hydrogen or oxygen, may also be
present.

In the area of calorimetry, we have demonstrated
that an absolute accuracy of better than 0.03% of in-
tegrated input power can be obtained and maintained
for many months, provided that construction and cal-
ibration of the calorimeter is performed rigorously.

Even though this research was not intended to test
the validity of the Mills and Kneizys theory, the results
obtained lead to a clear conclusion as to whether or
not the postulated “hydrino” atoms or molecules were
formed. If “dihydrino molecules that do not combine
with oxygen” were to be formed as postulated by this
theory, the gas monitor should have detected an anom-
alous increase in the overall gas volume of the cell/
recombination-vessel system. The lack of any volume
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increase beyond the reported 0.6% of recombiner in-
efficiency, combined with the fact that the overall en-
ergy input and output are balanced to within better than
0.5%, preclude formation of any such novel atoms or
molecules in these cells.

The application of highly accurate and rigorous
calorimetry as presented in this research combined with
proper accounting for the actual Faraday efficiency
clearly indicate that the apparent excess heat observed
in these experiments is a result of neglected conven-
tional chemistry. This conclusion is supported by the
lack of any excess heat in the closed cells as well.

Finally, in the heavy water arena, we have per-
formed many experiments involving the original Pd-
D,O Fleischmann and Pons configuration. None of
these experiments revealed the presence of excess heat,
so no conclusions could be drawn regarding a reduced
Faraday efficiency as a possible source of apparent ex-
cess heat in heavy water cells. Therefore, the follow-
ing question still remains open: Are the conditions that
give rise to apparent excess heat in heavy water cells the
same conditions that cause an equivalent reduction in
the Faraday efficiency? To find out whether excess heat
in heavy water cells can also be explained by simple
chemistry, all reports claiming the observation of ex-
cess heat should be accompanied by simultaneous mea-
surements of the actual Faraday efficiency.
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