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Foreword 

The work presented in this Final Report of the National Cold Fusion Institute has been 
supported by the State of Utah. The advice and support of the Legislative Oversight 
Committee and the Fusion/Energy Advisory Council is gratefully acknowledged. 
Tribute is due to the dedication and hard work of all the Institute's employees, but 
special acknowledgement goes to Mrs. Angie Mitchell and Mr. Paul Woodward for 
their untiring efforts in assembling this document. 
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Board of Trustees' Preface 

The March 1989 announcement by Pons and Fleischmann stimulated 
worldwide interest in the cold fusion phenomenon. In Utah the legislature appropriated 
$5 million to support cold fusion research and development. As cold fusion inquiries 
continue worldwide, this interim report has been written to document the scientific and 
legal work that has been funded by the Utah legislature. 

More than 10% of the money provided was used by the University in its efforts to 
protect the intellectual property and patent rights. We think to have done anything less 
would have been irresponsible. 

Was the State of Utah wise to have funded the work of the NCFl over the last 
two years? We think that as a venture capital investment it was prudent, and as an 
effort to protect and advance the state's interest in a property right, and in potential 
state economic development, it was a singular opportunity that should have been 
pursued. 

The work has proven to be more complicated than was expected, as are almost 
all new ventures. Piecemeal work will continue at the University of Utah and 
elsewhere as funds are found. Patent protection will continue to be pursued in every 
way possible. No further funds will be requested from the state at this time. 

When the science is fully understood, we predict there will be important new 
chapters written on the nature of new scientific claims, on the ownership and 
stewardship of intellectual property rights, and on the nature of regional and national 
economic competitiveness. 

Respectfully submitted, 

Ian Cumming, Chairman 
Board of Trustees, NCFl 

Chase N. Peterson 
President 
University of Utah 
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Summary 

In an attempt to observe the production of excess heat by the Pons and 
Fleischmann effect, 0.1 M LiOD in heavy water at near-ambient conditions of 
temperature and pressure, was electrolyzed with as-received Jo h nson-Matt hey 
palladium cathodes and platinum gauze anodes in six different water-jacketed 
calorimeter cells. A seventh cell used an electrolyte of 0.1 M LiOD in heavy water to 
which D2SO4 was added to lower the pH to 1.7. All cells used external catalytic 
recombination of the D2 and 0 2  produced, except cell 5, which was a closed cell with 
internal catalytic recombination. Current density varied from 40 to 550 mA/cm2 for 
cells 1 to 6, and was as high at 1600 for cell 7. The palladium cathodes were all 45 
mm long, and were 4mm in diameter for cells 1 and 3 to 6; 6.35 mm in diameter for cell 
2; and 1 -mm diameter wire for cell 7. Duration of cell operation was from 20 to 103 
days. 

A computerized data interface facilitated the recording and processing of all 
data. Net input power, Qjoule, to the cells was determined from the product of the 
measured cell voltage and measured cell current, corrected i f  necessary for the 
thermoneutral voltage. Output power, Qout, was determined from measure-ments of 
the flow rate and temperature rise of cooling water flowing through the cell jacket. 
Although no calibration of the cells was necessary, because only well-known energy 
balances were needed to process the data, the energy balance was verified by 
measuring the power output from an immersed resistance heater in the absence of 
electrolysis and by electrolyzing light water. 

At conditions where a near steady-state was maintained and coolant flow rate 
and coolant temperature rise were sufficiently high to achieve an accuracy of +7% for 
the ratio of Qout/Qjoule, this ratio was observed to be l.OfO.l, except during an eight- 
day period for cell 5 when , for a cell current density of approximately 290 mA/cm2 and 
an electrolyte temperature of 29-34 C, an apparent, anomalous heat production 
occurred, varying from 9 to 28% +7%, for an average of 17%. The cause of this 
apparent excess heat is not known, but it ceased when the current density was 
ramped up to 550 mA/cm2, causing the electrolyte temperature to increase to 80C 
over the next seven days of cell operation. During the production of apparent excess 
heat in cell 5, tritium concentration of the electrolyte was observed to increase by 20%, 
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but this increase is many orders of magnitude too small to account for the apparent 
excess heat produced. 

During the course of the investigation, a number of ways to improve the 
operation and accuracy of water-jacketed cells based on flow calorimetry were 
developed and implemented. 

Acknowledgement 

Funding for the research discussed in this report was provided by the State of 
Utah as part of the 1989 grant to the National Cold Fusion Institute. 
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1. Introduction 

Since moving to the research facilities of the National Cold Fusion Institute of 
the University of Utah in Research Park in August, 1989, the Chemical Engineering 
group has been expanding on the work started during the earlier summer months by 
Professors Paul Sides and Robb Winter. The main objective of this work has been to 
verify the production of excess heat reported by Fleischmann, Pons, and Hawkins 
(1989) using a type of calorimeter based on the first law of thermodynamics, namely, a 
flow calorimeter, and by operating this type of cell with and without internal 
recombination. The flow calorimeters used to date in this work have several 
advantages over the Newton’s-law-of-cooling method adopted by Fleischmann, Pons 
and Hawkins. Temperature inhomogeneities within the electrolyte and the cell do not 
affect the output heat computation and the behavior of the cell is independent of the 
level of cell electrolyte. However, the electrodes must always be submerged in the 
electrolyte and the electrode leads must be covered to prevent gas-phase 
recombination. There are fewer assumptions required to analyze the behavior of the 
flow calorimeter because operation is based upon the principle of conservation of 
energy, rather than the rate of heat transfer through a series of complex thermal 
resistances. In addition, it is simple to scale up a flow calorimeter to produce a 
demonstration device. 

In a flow calorimeter, as shown schematically in Fig. 1, a cooling fluid, such as 
water, is passed through a jacket surrounding the electrolytic cell. The heat removed 
by the coolant, Clout, is equal to the product of the coolant volumetric flowrate, the 
increase in the temperature of the coolant passing through the cell, and the average 
specific heat and density of the coolant over the temperature range. In an open 
system, where the electrolytic gases leave the cell, the net input power, is equal to the 
product of the cell current, and the cell voltage less approximately 1.54 volts. An 
additional correction for exiting vapor enthalpy may also be necessary. When 
recombining the gases inside the cell by using a catalyst, the cell is closed both in 
terms of energy and mass. The net input power is then simply the cell voltage times 
the cell current. The rate of generation of any excess heat is the difference between 
the rate of heat removal, Qout and the net input power or so-called joule heating rate, 

Qjoule. 
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Figure 1. Schematic diagram of flow calorimeter system. 
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The task of the Chemical Engineering group has been to verify the production of 
excess heat when using a flow calorimeter and to design a proto-type demonstration 
device capable of producing useful amounts of excess heat. 

In the absence of a definitive recipe to produce excess heat, the achievement of 
the stated objectives has been difficult. However, one major achievement has been 
the consistently successful operation of closed cells with internal recombination. The 
twin objectives of confirmation by alternative calorimetric methods and the construction 
of a prototype device have not been compatible. Until further experiments determine 
the magnitude of the excess heat produced and its percentage of total input power, the 
design of calorimeters for these twin objectives may be different. Hence, in addition, 
the following complementary projects have been considered to provide new 
instrumentation, techniques, and concepts which may help in the verification process 
and be of assistance during scale up. Only the first project was pursued 
experimentally. 

1. Seebeck Calorimeter. This is typically a closed calorimeter operating on a 
heat flow principle. Hundreds of thermoelectric elements in series, located throughout 
the walls of the calorimeter, produce a voltage proportional to the heat flow through the 
walls of the calorimeter. Very few assumptions are necessary to compute the rate of 
heat transfer and the calorimeter is simple to calibrate. The accuracy of the device is 
significantly better than the flow calorimeter for small quantities of heat transfer, say 
100 mW. Also, the long term stability of this type of calorimeter is extremely good. A 
separate report will describe the results of experiments carried out with this 
calorimeter. 

2. Isothermal flow calorimeter. Accurate feedback control of power to an 
internal electric heater can be used to maintain a constant cell temperature, which is 
very difficult to do with any of the other calorimeters mentioned above. At equilibrium, 
excess heat is measured as the sum of the net electrolysis input power and the 
electrical heater power input less the rate of Peltier cooling, This null technique is 
potentially a more accurate type of calorimeter if temperature gradients are eliminated. 
In addition, calorimetry can be carried out at any desired temperature and temperature 
shocks can be applied to the electrode. Cooling of the calorimeter is carried out at a 
constant rate. This can be achieved with a Peltier element. Alternatively, a high 
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coolant flow rate through the jacket of a flow calorimeter can provide a stable heat 
sink, capable of dealing with higher input power. 

3. Operation as a fuel cell at the anode. Unnecessary degradation of electrical 
power by needless electrolysis of heavy water can be prevented by operating a cell 
under conditions where only the oxidation and reduction of deuterium takes place at 
the anode and cathode, respectively. This mode of operation may be of importance 
during scale up. A fuel cell using gas diffusion membranes with light water has been 
successfully demonstrated. In addition a submerged anode type of device is being 
planned which will run at elevated pressure in the Seebeck Calorimeter. Also, 
monitoring the cell pressure is an excellent method of measuring the loading of the 
palladium cathode with deuterium. With a fuel cell, the cell voltage requirements can 
be drastically reduced and the ratio of the excess rate of heat production to the net 
power input can be dramatically increased. 

4. Electrolyte flow-through cell. This may be a feasible method of running 
practical power-producing cells because heat can be readily removed from the cell. A 
combination of this and fuel-cell operation is especially attractive. A prototype cell is 
being considered to gain experience with this mode of operation. 

In separate reports, heat-conduction calorimeters suitable for accurate low- 
power experiments and very small cells for tritium-screening tests are discussed. 

2. Flow Calorimetry 

2.1 Experimental Apparatus and Procedure 

A summary of the operating conditions for the first seven flow calorimeter 
experiments is shown in Table 1. Typically, spacing between the cathode rod surface 
and the gauze hollow cylindrical anode was 4mm. 

Flow Calorimetrv Experiments 1-4. Initially four flow calorimeters were built, with 
operation beginning 8/18/89. These calorimeters were of a design similar to two 
previous cells (A and B), that ran in the MerriII Engineering Building during the earlier 
summer months of 1989. The main modification was a reduction in cell size to reduce 
the time constant of the calorimeter. Also, a new method of holding fixed the bottom of 
the cathode in the base of the cell was implemented. As indicated in Fig. 1, all data 
acquisition was computerized to allow continuous monitoring and data storage, 
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Table 1 

Summary of Operating Conditions for 

Flow Calorimeter Experiments 

ExDeriment Electrolvte 

1 0.1 M LiOD 

2 0.1M LiOD 

0.1 M LiOD 

0.1M LiOD 

0.1M LiOD 

0.1M LiOD 

0.1 M LiOD 
/D2SO4 
pH = 1.7 

Cathode 

4 mm diam 
45 mm long 

Pd rod 

6 mm diam 
45 mm long 

Pd rod 

4 mm diam 
45 mm long 

Pd rod 

4 mm diam 
45 mm long 

Pd rod 

4 mm diam 
45 mm long 

Pd rod 

4 mm diam 
45 mm long 

Pd rod 

1 mm diam 
45 mm long 

Pd wire 

DpenlClosed *Lenath of 
Experiment (davs) 

open/ext. 64 
recomb. 

open/ext. 65 
recomb. 
recycle 

recombinant 

Open/ext. 
recomb. 

Open/ext. 
recomb. 

62 

103 

Closed/lnt. 34 
recomb. 

Open/ext. 61 
recomb. 

Open/ext. 20 
recomb. 

*Following each experiment, the cell was dismantled. 
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improve accuracy (particularly when integrating total energy input and output), and 
simplify analysis. Cell voltage, current, coolant flowrate and coolant temperature 
increase were logged every minute and stored on a Maclntosh Ilx computer hard disk. 
Coolant flowrate was measured electronically with a turbine meter for Experiment 1 
and also for Experiments 5 and 6 described later. In the other experiments, (2-4,7) 
flowrate was measured several times during the day volumetrically with a 500 ml 
volumetric flask and stopwatch. A calibrated Gilmont analog rotameter was also used 
for an additional check. Cell current was recorded by measuring the voltage drop 
across a high-wattage resistor. Cell voltage was measured as close to the cell as 
possible and corrected for any IR drop in the electrode lead-ins. Coolant inlet and 
outlet temperatures were measured with Type E thermo-couples placed in the 
entrance and exit of the cell coolant jacket. In the exit port, a venturi was installed to 
create turbulent flow and cause thorough mixing of the exiting coolant water before 
measuring the temperature. The temperature of the electrolyte was also monitored 
using a type E thermocouple. 

Experiments 1, 3, and 4 used 4 mm diameter by 45mm long as-received 
Johnson-Matthey palladium rods as cathodes that were welded to 1 mm-diameter 
palladium lead-in wires. Experiment 2 had a 6.35 mm by 45 mm long palladium rod 
that was used during Experiment B in the MerriII Engineering Building. The electrolyte 
in each cell was 0.1M LiOD (made using LiOD from Aldrich) and heavy water from 
Cambridge Isotopes (99.9%). Platinum wire mesh (50) from Aldrich was used for the 
anodes, in the form of cylinders 16 mm in diameter and 45 mm long, which were 
attached to 1-mm diameter lead-in wires. 

A technique for external recombination of the electrolytically evolved gases, D2 and 
0 2 ,  was developed and implemented in these experiments. Prior to this, the evolved 
gases in Cells A and B were allowed to escape, although the total flow rate was 
monitored using a gas rotameter. In Experiments 1, 3, and 4, the gases were 
recombined on the surface of a piece of Prototech PSN catalyst (1 square inch area) 
rolled up inside a condenser mounted outside the cell. The coolant flow through the 
jacket of the condenser kept the catalyst relatively cool and a piece of glass wool 
inserted between the catalyst and the cell acted as an effective flame-front arrester. 
The recombined liquid was collected in scintillation-test bottles, which were changed 
every day, and kept for analysis . The recombined D20 in Experiments 1, 3, and 4 was 
not returned to the cells; but twice each day the cells were topped up to the original 
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electrolyte level with fresh heavy water from the same batch as for the original 
electrolyte. Electrolyte samples were taken at intervals of approximately every 1 -1/2 
weeks unless the calorimetric data suggested otherwise. 

In Experiment 2, a recombinant recycling system was implemented so that the 
externally recombined D20 trickled slowly back into the cell. For this experiment, no 
heavy water additions were required. However, this experiment was not ideal as there 
existed the possibility of returning to the cell with the D20 some of the enthalpy of 
combustion. This cell was meant as a demonstration device. However, because the 
rate of return of recombinant liquid was slow, very little of the enthalpy of combustion 
was added to the cell; hence the assumption of no return of the enthalpy of combustion 
was partially justified by the observation that the ratio of Qout/Qjoule was essentially 
unchanged and less than breakeven (1 00%). 

Experiments 1-4 were considered to be calorimetrically open systems, in that 
the energy supplied to produce the deuterium and oxygen was accounted for in the 
calculations of energy input by subtracting 1.54 times the current from the cell wattage. 
Cell heating was assumed to be only due to Joule heating, i.e. that due to the 
combined effects of electrolyte resistance heating and overvoltages at the electrodes. 
The value 1.54 corresponds to within f 0.01 of the various standard thermoneutral 
EMF values quoted by several investigators for the electrolysis of D20 to D2 and 0 2 .  

This was a reasonable approximation in light of earlier Experiments A and B that 
showed that the quantity of evolved gases equaled that calculated using Faraday’s 
law for the measured current flow, assuming that the only electrolysis products were 
deuterium and oxygen. Nevertheless, during Experiments 1-4, the gas flow rate was 
monitored using a rotameter. If an excess-heat period was suspected, the gas flowrate 
was checked for a decrease due to recombination inside the cell. 

oper iment 5 This Experiment, which involved a closed cell, began operation 
on 9/22/89. A piece of 1-inch square Prototech catalyst (PSN) was secured into the 
headspace of the cell. During startup, while deuterium was being adsorbed by the Pd 
rod, this cell evolved gas, presumably oxygen, for approximately 1-1/2 hours. 
Subsequently, no gas was evolved and the electrolyte level was maintained without 
any heavy water additions up to day 21, except for replenishing of electrolyte taken for 
tritium samples. The cathode consisted of a Johnson-Matthey palladium rod, 4 mm in 
diameter by 45-mm long, cut from a 10-cm long rod and used in the as-received 
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condition. The anode was 50 mesh platinum gauze (Aldrich) and the electrolyte was 
0.1 M LiOD. 

Expe riment 6 . This experiment, which had an external recombination system, 
was similar to Experiments 1-4. The palladium cathode was the same rod (4-mm 
diameter by 50-mm long) used in Experiment A. 

ExDeriment 7, This experiment was designed to duplicate some aspects of the 
experiment reported by Oriani et al. (1989). The cathode was a 1-mm diameter 
Johnson-Matthey palladium wire, 40 mm long. Two short lengths of 0.5-mm diameter 
palladium wire, were spot welded to a 50-mesh platinum wire gauze anode of the 
same size used in the previous experiments. The electrolyte was 0.1M LiOD with 
sufficient D2SO4 added to significantly lower the pH from 13, on the basic side, to 1.7, 
on the acid side. Also, current densities used (>1 amp/cm2) were much higher than 
those for Experiments 1-6. However, the timing of the current changes, as reported by 
Oriani, was not strictly adhered to. This cell featured external recombination. 

2.2 Error Analysis 

Prior to and during Experiments 1-7, the possible errors in the flow calorimetry 
measurements and their impact on the accuracy of the ratio Qout/Qjoule were analyzed 
and assessed. An error propagation analysis involving the measurements of cell 
voltage, cell current, coolant flow rate, and coolant temperature change is given in 
Appendix 1. Because the specific heat of the coolant water is accurately known, it is 
considered to have no error. Therefore, the error in computing Qout is just a linear 
function of the absolute errors in the measurements of coolant flow rate and coolant 
temperature change. The error in computing Qjoule is a linear function of the absolute 
errors in measuring cell voltage and cell current. All of the measurement errors were 
assumed to be due to randomness and were obtained by observation of the digital 
plots obtained with the data acquisition system or by fluctuations in the analog guage. 
The resulting measurement errors were taken to be: 

Cell Voltage to 0.05 volts 
Cell Current to 0.0025 amps 
Coolant flow rate to 0.25 mI/min for turbines and 0.50 ml/min for rotameters 
Coolant temperature change to 0.2 C 
Electrolyte temperature to 0.2 C 
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In addition, it was noted that the turbine meters were not reliable at flow rates below 25 
ml/min. 

Some appreciation of the accuracy of the determination of the Qout/Qjoule ratio 
can be gained by analyzing the following set of data from measurements on 
Experiment 5 (involving a closed cell with internal recombination) during the 13th day 
of its 34 days of operation. At one instant of time, the following readings were 
obtained : 

Cell voltage = 7.80 volts 
Cell current = 1.61 amps 
Coolant flow rate by turbine meter = 44.80 ml/min 
Coolant flow rate by calibrated rotameter = 44.50 ml/min 
Coolant temperature change = 4.50 C 
Electrolyte temperature = 30.60 C 

Using these values, together with the above-cited measurement errors, and an error- 
propagation equation for Qout/Qjoule, derived by the procedure of Appendix 1, the 
following results are obtained: 

Qout/Qjoule = 1.170 k0.065 based on the turbine meter 
Qout/Qjoule = 1.1 90 k 0.071 based on the rotameter 

Thus, the Yo excess heat could have been as small as 10.5% and as large as 26.1%, if 
the cell was operating at steady-state with no heat loss from the cell to the 
su rro u ndi ng s. 

The experimental determination of Qjoule is considered to be quite accurate. In 
the above example, Qjoule = 12.56 f 0.10 watts, which is a 0.8% error, 80% of which is 
due to the voltage measurement. The determination of Qout is much less accurate. For 
the same example, using the turbine meter, Qout = 14.69 k 0.71 watts, which is a 4.8% 
error, 90% of which is due to the measurement of the coolant temperature change. 

As will be noted during the discussion in the next section, it was necessary to 
consider other errors besides measurement errors. Of particular importance was the 
question of attainment of steady-state conditions. Only when all measurements, 
including the electrolyte temperature, were steady could computed values of 

2-1 3 



Qout/Qjoule be considered meaningful. The achievement of steady-state conditions 
was made difficult because of swings in room temperature, which affected heat losses. 

2.3 Results of Calorimetry 

Calorimetric D& The calorimetric data for Experiments 1-7 are presented in 
Figs. 2-8. Each figure includes daily-average plots of current, current density, cell 
voltage, water coolant flowrate by a turbine meter, electrolyte (cell) temperature, and 
Qout/Qjoule during the entire period of operation of each experiment. Several general 
observations can be made from the data. Large variations in Qout/Qjoule were usually 
associated with fluctuations in the coolant flowrate. The turbine flowmeters were 
considered to be outside their range of calibration at flows of less than 25 ml/min and 
in a non-linear calibration region below 50 ml/min. This in part explains the poorer 
quality of the measurements of Qout during the initial days of an experiment when the 
coolant flowrates were relatively low. The cell voltage always tended to increase with 
time, during which the cells were run under essentially constant current control. For 
the open cells, this could have been due to loss of electrolyte; formation of a resistive 
film on the electrodes, which was observed to be blackened upon removal from the 
cells; or dissolution of a Li salt above the electrolyte level. The cell electrolyte 
temperature also increased as the power into the cell was increased during an 
experiment. In Experiments 3 and 6, the resistance became such that the experiment 
reverted to voltage control. 

Of particular importance in Figs. 2-8 are the plots of Qout/Qjoule versus day of 
operation. Ratios greater than 1 .O can be observed during at least some period of time 
for all seven experiments. However, because the above error analysis indicated that 
this Qout/Qjoule was subject to on the order of a 10% experimental error and because a 
necessary steady-state had to be attained to validate the calculation of Qout/Qjoule, the 
only experiment that appeared to achieve a condition of excess heat for a reasonable 
period of time was Experiment 5, which involved the only closed cell with internal 
recombination. 

For Experiment 5, the cell was initially charged at a low current density of 40 
mA/cm2 for a period of two days, following which no gas was evolved from the cell and 
the cathode was assumed to be charged to a reasonable, but unknown, D/Pd ratio. 
The current density was then ramped up over the next four days to a value of 
approximately 290 mA/cm2, which was held constant for the next eight days of 
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operation until day 14. During this eight-day period, cell operating conditions of 
cu rrent, voltage, and electrolyte temperature we re reasonably constant indicating 
essentially steady-state conditions. The coolant flowrate was approximately doubled 
on the eighth day of operation to bring it into a more accurate range. During the six 
days from day 8 to day 14, of this eight-day near-steady-state period, the Qout/Qjoule 
ratio varied (on a daily average basis) from 1.09 to 1.28, at an average value of about 
1.17, while the electrolyte temperature decreased slowly from approximately 32 C to 
29 C. Accordingly, the estimated loss of enthalpy of the electrolyte during this six-day 
period was less than 1500 joules, while the observed excess heat amounted to more 
than 1,000,000 joules. If the estimated experimental error of 7 percent at these 
conditions is subtracted, then an apparent excess power of at least 10 percent was 
observed during the six-day period. 

Following day 14 of Experiment 5, the current density was further increased to 
550 mA/cm2, without increasing the coolant flow rate. This caused a significant 
increase in electrolyte temperature to as high as 8OoC, a significant increase in cell 
voltage from about 8 volts to as high as 34 volts, and a fairly rapid decline in the 
Qout/Qjoule ratio to a reasonably steady value of 1 .O f 0.02 (i.e. essentially no excess 
heat) for the last ten days of the experiment, which was finally terminated after 34 days 
of operation. 

Thus, for a six-day period of approximately 150 hours, at near-steady-state 
conditions of about 300 mA/cm2, 8 volts, and 30 C electrolyte temperature, with a 4 
mm-diameter by 4.5 cm-long palladium rod in a 0.1 M LiOD electrolyte, and with 
internal recombination, an average rate of apparent excess heat generation of 17 f 7 
percent was observed. As discussed later, there was no evidence that this amount of 
excess heat was caused by nuclear reactions. The heat was not caused by a 
chemical reaction involving a net change in the amount of gas contained in the cell; 
the heat may have been caused by some other type of chemical reaction. 
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2.4 Improvements in the Cell Design 

For a variety of reasons, a great deal of scatter in Qout/Qjoule is seen in Figs. 2- 
8. All these experiments began at low current densities (40-60 mA/cm2) and hence 
the initial amount of Joule heating was small. As a consequence, the coolant 
temperature difference (AT) was too small for accurate measurement. As the current 
densities were increased, up to 500 mA/cm2, the signal-to-noise ratio for AT also 
increased and stabilized Qout/Qjoule closer to a value of 1 .O. Earlier experiments, A 
and B, which were run during the early summer in the Merrill Engineering Building 
also had ratios of Qout/Qjoule close to 1 .O, typically 0.97. 

The fluctuating air temperature of the Institute building made it very difficult to 
attain a true steady-state condition. The varying air temperature introduced instability 
in the inlet coolant temperature and fluctuations in heat losses from the cells. An 
improvement involved shielding the coolant with fast- flowing water, thermostated at 
the same temperature as the coolant. Also, all the tubes leading into cells were 
heavily insulated with silvered foam linings. Vacuum jackets now surround even 
newer versions of the flow calorimeters. 

A large amount of noise was introduced into the temperature measurements 
made by thermocouples because the total signal was small and the sensitivity low. In 
improved cells, these thermocouples have been replaced with precision thermistors, 
some of which were pre-calibrated, while others have been calibrated in water baths 
using NBS standard thermometers. These thermistors have significantly improved the 
accuracy of temperature measurements. Also, two thermistors each exist in the 
coolant flow inlets and outlets to provide backup measurement of AT. Current 
measurement has also been improved by incorporating special four-lead current- 
sensing resistors with very low temperature coefficients. Cell voltage noise has also 
been reduced by redesigning the measurement circuitry to increase the signal-to- 
noise ratio and by the use of rigorous grounding. However, the measurement of 
coolant flowrate still presents problems at the lowest flow rates. Also, the coolant flow 
is difficult to maintain at a steady value and to measure accurately with available 
electronic equipment. Averaging the coolant flowrate signal with software has greatly 
improved the quality of the signal and cell voltage is also benefiting from the same 
treatment. A constant-head device for maintaining a steady coolant flow is being 
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tested and appears capable of reducing the short-term flowrate noise to 0.05 ml/min, 
corresponding to an error of only 0.2% at 25 ml/min. 

Other cell improvements include the placement of platinum-coated alumina 
beads in closed cells above the foil catalyst to scavenge any remaining unrecombined 
gas. A longer dewared cell height is planned to enable the placement of the 
recombination catalyst well inside the cell and permit more efficient capture of the 
recombination heat. Also, all joints at the entry tubes in the cell lid have been made 
gas tight by means of a silicone gasket which is tightened down by four bolts in the lid. 
The latest cell design and experimental layout is shown schematically in Figure 9. 
Some of the improvements are also included in Figure 1. 

Experiments using flow cells with a resistance heater and with light water are 
presented in Appendix 2. 

2.5 Tritium and Other Analyses 

Cell electrolytes and recombined D20  were periodically analyzed for tritium 
content using a Beckman scintillation counter. Results for Cells 1-5, corresponding to 
Experiments 1-5, are shown in Figs. 10-12. Before discussing these results, it is 
noted that Experiments 1, 3, and 5 were terminate unintentionally. The power supply 
for Experiment 1 failed, the catalyst in Experiment 5 became inactive (probably due to 
wetting by the electrolyte), and in Experiment 3 the constant current control failed due 
to the buildup of a resistive layer at the electrode and loss of Li from the solution. 
When Experiments 1, 2, and 5 were inactivated, the Pd cathodes were left to outgas for 
several days before completing tritium analyses. In the case of Experiment 3, the 
cathode was immediately removed and placed in a test tube containing fresh heavy 
water and then sealed with parafilm. The Pd cathodes from Experiments 1 and 5 were 
also transferred to similar test tubes containing fresh heavy water, but only after 
several days of spontaneous outgassing in the cell electrolyte. The Pd rods from 
Experiments 1, 3, and 5 were each left to spontaneously outgas for 8 days in the test 
tubes. Samples were then taken for tritium analyses with the results given in Table 2. 

The tritium results show about a two- to three-fold increase in tritium 
concentration above the background level of about 40 dpm/cm3. The cell electrolyte in 
which the rods were originally placed was analyzed along with all samples of 
recombined D20 from Experiments 1 and 3, after 30 days of operation. The results 
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Table 2 

Analysis of Fresh Heavy Water Following Outgassing of Pd Rods for 8 Days 

Cell 1 2 3 4 5 6 

Tritium 
-_ 11 0.68 dpm/ml 101.94 -- 79.65 -- 

Table 3 

Analysis of Cell Electrolyte After Shutdown and Spontaneous Outgassing 

Cell 1 2 3 4 5 6 

Tritium 
dpm/ml 103.6 52.77 94.68 -- 1 13.82 -_ 
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given in Table 3 and Figures 10-12 show only negligibly small increases in tritium 
level over background levels, except for the recombined D20 from cells 1 and 3, after 
current input to the cell was terminated. An almost three-fold increase in tritium 
concentration was observed in the electrolyte of Experiment 5 after shut down and 
spontaneous outgassing. However, the electrolyte from Experiment 2 showed no 
increase in tritium over background after outgassing. Experiments 6 and 7, which are 
not included in Tables 2-3 and Figs. 10-1 2, showed no sign of an increase in the level 
of tritium in either the electrolyte or recombined liquid. 

Samples of electrolyte and recombined liquid were sent to General Electric for 
isotopic analysis to determine the level of light hydrogen contamination. The results 
are given in Appendix 3, where large increases in hydrogen content were discovered, 
the source of which is unknown. These findings indicated that a new method of 
introducing heavy water into the cells along with improved seals at all exit and entry 
points may be required for opencells. It has been suggested that hydrogen is a poison 
to excess heat production, but this remains unproven. 

SEM and EDAX analyses of the electrode from Experiment 5 was 
performed with the objective of investigating the nature of the black surface deposit on 
the electrode at the end of the experiment and for studying the surface for signs of 
cracking and other features associated with hydrogen entry. The results of this study 
are given in Appendix 4. 

3. Conclusions 

The calorimetry work reported here only detected a measurable quantity of 
apparent excess heat in one of seven experiments. The level averaged 17% excess 
heat for six days. This apparent energy imbalance could have resulted from an 
undefined experimental transient that caused the instruments to provide incorrect 
readings (e.9. unusual room temperature variation); however, the available results do 
not provide direct indication of such non-systematic errors. Likewise, because of noise 
and error in the power output measurements as well as difficulties in achieving steady- 
state conditions, it is possible that smaller quantities of excess heat could have been 
present in other experiments. New calorimeters under development are expected to 
have a maximum experimental error of only 1% for typical input powers of 40-50 Watts. 
They should easily be capable of measuring the levels of excess heat (3 watts) 
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reported by Oriani (1989). It is possible to determine that for readily attainable 
precision and accuracy of flow and temperature measurement, that our flow 
calorimeters can only resolve quantities of heat greater than 0.5 Watt. If it is necessary 
to measure smaller quantities of excess heat, an alternative form of calorimetry will be 
required. However, extensive averaging of data may improve the short-term behavior. 
Total input powers to the flow cells have been very high, up to 90 Watts. With an 
accuracy of +7% obtained in early cells, this corresponds to an error band of +6 Watts. 
These high input powers are due to the large cell voltages required to reach the 
current densities prescribed. 

A dummy experiment in light water demonstrated that platinum gauze 
electrodes are as good, if not better than wound Pt wire. Build up of resistive layers on 
the anode and cathode are a possible cause of excessive cell voltages. 

Tritium analyses have shown some evidence of very low levels of tritium 
production in the cells. Experiment 2 acted as a form of control in that it suggests that 
storage of tritium in the Pd rod is an unlikely explanation for an observed two-fold 
increase in tritium levels. Although tritium can possibly partition into the rod 
preferentially, a calculation given in Appendix 5 shows that an unrealistically large 
separation factor has to be postulated to explain the results in terms of a storage 
mechanism. It is possible that temporary exposure of the rods may have triggered the 
“fusion” mechanism. The results of Experiment 5 also suggest that a concentration- 
separation mechanism is not responsible. Virtually no extra D20 was added to 
Experiment 5 during days 1 to 21 while it was operated as a closed cell. This puts an 
upper limit on the total amount of tritium to which the Pd cathode has been exposed, 
which is too small to account for the increase measured. The effect of cathode 
exposure has been subsequently tested, with the results given in Appendix 6. In these 
experiments it was found that no tritium production occurred outside the somewhat 
large error band of 20% or 10 dpm. 

In the light of the tritium results, earlier experiments A and B have been 
re-examined. Previous measurements of a two-fold increase in tritium concentration 
after Experiment A had been terminated were thought not to be significant. 
Experiment B also showed an anomalous increase in tritium level during operation as 
seen in Table 4. Both cells also showed a period of small excess heat production of 
from 5-8% for a period of 5 days. 
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Table 4 

Tritium Results from Experiment B 

Cell B Tritium count (dpm/ml) 

Backg rou nd electrolyte (Aid rich) 

Day 25 

After shutdown 

132 

206 

228 
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4. Future Work 

Based on the results of the study reported here, recommendations for further 
studies are as follows: 

1. Calorimeters are needed to measure smaller quantities of heat. These 
should be improved heat-flow calorimeters or Isothermal devices. 

2. A large number of variables should be screened to establish more optimum 
conditions for observing excess heat. To this end, experiments with a series of small 
cells of 15 ml volume, have been started. These cells will not perform calorimetry but 
will primarily be for tritium analysis. Due to their small size, a large number of them 
can be set up and many variables can be tested quickly. These cells all feature 
external recombination. Samples of electrolyte will be drawn daily with a syringe 
through a rubber septum. The results which will be presented in a separate report, 
from these experiments will be used to determine promising new experiments in future 
calo ri meters. 

3. New cathode materials should be tested. In particular, new types of 
palladium rods, such as that received from Johnson-Matthey at the beginning of 
January, 1990, should be tried because they are supposed to produce excess heat 
more reliably. Palladium may also be available from Englehard, who have also 
reported excess heat. Titanium is a promising material especially in the light of 
studies performed in India. The oxygen layer, which always exists on titanium can be 
removed in vacuo by argon-ion beam milling and platinum or palladium can be 
deposited as a thin coat onto the bare titanium. This could remove the barrier to 
deuterium ingress and also increase the exchange current density for D production at 
the cathode surface. Pure titanium and beta-phase stabilized alloys could be used. 
The beta phase has a larger solubility for deuterium. 

4. Electrolyte solutions could be prepared using Lithium 6 instead of the 
naturally occurring mixture of 6Li and 7Li.. The 6Li isotope could take part more readily 
in fusion reactions. 
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Appendix 1 

Error Analysis of Flow Calorimeters 

Heat transferred into Water Coolant: 
Q o u t  = m Cp AT/60 

Joule heat liberated: 

Qin =Qjoule 

Qout 

m 

AT 

CP 

V 

I 

h0 

60 * h(AT) 

Qin = (V - 1.54) * I = VI - 1.54 I 

h(Q in) = 111 . h(V) + 1V - 1.54) h(1) 

= Power input (Watts) 

= Power output (Watts) 

= Coolant water flowrate (ml/min) 

= Coolant water temperature difference between inlet and outlet (C) 

= Specific heat of water (Joules/ml-C) 

= Cell voltage (Volts) 

= Cell current (Amps) 

= Error band, 1% confidence limit (2.60) 
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In the absence of reactions other than the electrolysis of D20, 

then 

Qin = Qout = C,h AT/60 

or 

Other assumptions 

1. No heat loss. 

2. Noise or precision in AT and is constant regardless of value (justified by 

observation). 

The main source of experimental error is coolant flowrate, which for fixed input 

power determines AT. Graphs of the error in power out as a function of flowrate for 

various input powers are shown in Fig. A1 .l. 

The error in power out is large at low flowrates, where the flowrate error is 

significant. 

The error in power out is large at high flowrates, where the AT error is 

significant. 

Ideally values of coolant flowrate are required such that 
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Thus, 

Qou,m ) 
2 = C ,h(AT)/60 

m 

We can now plot design curves for the optimum flowrate as a function of input 

power. These graphs are presented in Figs. A1.2 - A1.3, where the error in power out 

in watts and as a % of input power is also listed. The data are presented for two 

situations, a minimum possible error situation in Fig. A l . 2 ,  where 

h(AT) = 0.01 C; h(m ) = 0.9 ml/min 

and a typical error situation shown in Fig. A l . 3 ,  where 

h(AT) = 0.05 C; h(m) = 0.9 ml/min 
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Appendix 2 

Light Water and Resistance Heater Experiments 

A. Problems with temperature measurement associated with the use of 
thermocouples and the data acquisition system. 

The temperature change of the coolant flowing through the jacket of the flow cell 
was originally measured with type E thermocouples using an Omega Engineering 
data acquisition system designed to provide temperature compensation at the 
reference junction. An Omega thermistor placed next to a thermocouple measured 
quite different temperatures as seen in Fig. A2.l(a) and (b), which cover room 
temperature over a 16-hour period (960 minutes) from 6 p.m- to 10 a.m. the next day. 
The thermistor shows the room temperature rising, while the thermocouple indicates a 
temperature decrease. At 850 minutes, the thermistor shows a sudden drop in room 
temperature, caused by opening the laboratory door in the morning and allowing cool 
air from the corridor to enter. This temperature drop was also detected by the 
thermocouple and by a mercury thermometer. However, the thermocouple then shows 
a steady rise in room temperature, which did not actually occur. Small temperature 
glitches appear on both plots and are in the same direction. Fig. A2.l(c) shows the 
temperature of the compensating block for the thermocouple. This temperature was 
measured over the same period by shorting the connections of one thermocouple 
input channel at the terminal box. The block temperature is seen to behave in a 
similar manner to the thermocouple except when the door was opened and the block 
temperature apparently increased. 

The results of this experiment can be explained by realizing that there is a 
thermocouple junction at the terminal block which produces an extra thermal emf. As 
the block slowly responds to changes in the room temperature, an emf is 
superimposed upon the actual thermocouple emf. Rapid temperature changes are 
filtered out by the thermal mass of the block so that only long-term effects are 
observed. The thermistor, which is a true local measurement, is immune to this type of 
disturbance and faithfully records the actual room temperature. Thus, thermocouples 
can only be used for accurate low-temperature measurement if the thermal block is 
held at a constant temperature. 
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B. Performance of a flow calorimeter using an electrical resistance 
heater. 

A quartz heater was placed in a glass flow calorimeter and different amounts of 
power were applied. No electrolysis or stirring was carried out in the cell, which was 
insulated with an inner reflective coating and by an external 1/2-inch-thick black-foam 
cover. The electrical measurement system for current and voltage was the modified 
version described earlier. The results of this experiment are presented in Figs. 
A2.2 (a)-(f). 

As would be expected, very little noise is seen in plots (a) and (b) for voltage 
and current. Because the laboratory air conditioning system was off, the coolant inlet 
temperature in (e) experiences a gradual increase. However, the time response of the 
calorimeter is much faster than the room temperature change. Therefore, the cooling 
water AT in (c) does not exhibit any significant fluctuation. Most of the noise is in the 
coolant flowrate measurement shown in (d). However, the fluctuations only amount to 
a maximum of about 4%. Figure A2.2(f) shows that Qout/Qjoule for this experiment is 
very close to 1. The noise band is about 3% and the value of Qout/Qjoule is most often 
0.99. Only at the lowest input power, where the coolant AT was less than 1°C is the 
efficiency greater than one, and approximately 1.07. This is probably due to 
temperature offsets and errors in the coolant temperature measurements. 

This resistance heater test shows that the flow calorimeter can measure, with 
less than 4% error, heat production when the input power is greater than about IOW. 
Averaging the coolant flowrate as described before should reduce the noise 
significantly. Extra insulation at the coolant inlet and outlet and at the cell lid would 
also improve accuracy. 
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Figure A2.2. Results of dummy run using an electric heater. 
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C. Lig ht-water electrolysis experiment. 

Light-water electrolysis was carried out in a flow cell under current control and 
incorporating an electrical heater. A platinum gauze similar to that used in heavy- 
water experiments was used for the anode and 1-mm diameter Pt wire, 40-mm long, 
was used for the cathode. The electrolyte was 0.1 M NaOH. The room air conditioning 
was on for the duration of this experiment. The results are shown in Figs. A2.3(a)-(e) 
where current was quite steady at each level, but some voltage noise occurred, 
probably due to gas bubbling at the electrodes. Significant contributions to the noise 
came from the coolant flow and room temperature fluctuations. However, the overall 
noise level was ~5%. 

The origin of the noise in the coolant AT measurement shown in Fig. A2.3(c) is 
obvious from Figs. A2.4 (a)-(c), which show the inlet and outlet coolant temperatures 
and coolant AT on a greatly expanded scale. A phase lag exists between the inlet and 
outlet temperature fluctuations. Hence, a true steady state did not always exist. 
Higher coolant flow rates should reduce the phase lag. 

As shown in Fig. A2.3(e), the Qout/Qjoule ratio is 0.98 rt 0.04 except for a few 
brief periods when step changes in the current were made causing a transient 
response. 
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D. Flowrate averaging. 

When the coolant flowrate, as measured by the electrical signal from the turbine 
meter, was averaged over one minute using software, the noise content was 
significantly reduced, as can be seen by comparing Figs. A2.5(a) and (b). 
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E. Shielding of the inlet coolant-water lines to reduce temperature 
fluctuations. 

Several schemes have been considered to shield the inlet coolant from air 
conditioning-induced temperature fluctuations. At present, the only scheme that has 
been tested is the use of a heavily externally insulated pipe with an internal axial pipe 
through which there is a rapid flow of water at the same temperature as the cell 
coolant. Preliminary results for this scheme are shown in Figs. A2.6(a) and (b). The 
inlet temperature fluctuations shown in (b) have been greatly minimized. However, 
large temperature variations are still picked up through the cell wall or at the outlet 
thermistor. Until a vacuum-jacketed cell is tested, the origin of these variations will not 
be certain. 
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Figure A2.6. Inlet and outlet temperatures after shielding the coolant. 
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Appendix 3 

Isotopic Analysis of Electrolyte and Recombined Liquid 

Contamination by light water of the heavy water used in cold fusion experiments 
has been suggested as a potential problem in attempting to reproduce the Pons- 
Fleischmann effect. For this reason, samples of both electrolyte and recombined liquid 
were sent to General Electric for analysis by NMR. As only a limited number of 
samples could be analyzed, samples were taken at the beginning, middle (where 
possible) and end of an experiment. The results for Experiments 1-5 are presented as 
per cent ratio of hydrogen to deuterium in Figs. A3.1 and 2. The quality of the heavy 
water as purchased from Cambridge Isotopes was claimed to 99.9%. However, 
measured concentrations of light water at the start of Experiments 1 and 3-5 were from 
1 to 3% or at least 10 times greater than the expected hydrogen content. For 
Experiments 3-5, ending ratios were between 5 and 12%. The data for the start and 
end of Experiment 2 run contrary to the other experiments and therefore, seem 
suspect. For that experiment, it should be recalled that the externally produced 
recombinant liquid was recycled. Figure A3.2 shows that contamination in the 
recombined liquid decreased as the Experiments 1, 3, and 4 progressed. 

The most likely source of contamination with light water in Experiments 1, 3, and 
4 is from the burets used during the refilling procedure. Although the cells were not 
truly gas tight, they were not directly exposed to the atmosphere and leaks are not a 
likely source of such large amounts of contamination. It is possible that the samples 
were contaminated after they were taken and stored in the scintillation vials. However, 
the decreasing light water content in the recombined samples, as seen in Fig. A3.2, 
seems to suggest that this was not the case. No explanation, other than a possible 
crack in the inner wall of the cell, can be given for the increase in light water content of 
the cell in Experiment 5, which was a closed cell with internal recombination. 

It remains to be proven that light water is a “poison” for cold fusion, but it would 
be good practice to prevent the ingress of light water. Perhaps a better method of 
refilling the cells could be devised. In the experiments reported here, heavy water 
was always stored in corked burets. Ideally samples should be analyzed immediately 
after being taken. A gas-tight cell would also be advantageous. 
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Figure A3.1. Isotope content of electrolyte. 
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2-76 



Appendix 4 

SEM and EDAX Analyses of Cathode Surfaces 

A preliminary surface analysis of the palladium cathode used in Experiment 5 
was carried out after termination of cell operation using a JEOL 35cx at the VA 
Hospital. This rod was covered with a powdery black coating which was not removed 
prior to examination. The EDAX analysis showed that the black deposit was primarily 
palladium. However, there were detectable amounts of platinum, silicon, and copper, 
and trace amounts of silver, nickel, and magnesium. It would seem that the black 
deposit is primarily palladium black, which must somehow form during electrolysis. 
However, no other Pd was exposed to the electrolyte and thus, no migration of Pd to 
the cathode should have occurred. 

No longitudinal cracks in the Pd rod were visible from SEM photographs. 
However, small cracks in the Pd black coating were visible over the specimen, the Pd 
metal being visible underneath as seen in Fig. A4.l(a). The Pd black material had a 
distinct crystalline structure, consisting of arrays of plates and needles as seen in Fig. 
A4.1(b). Arrays of lines running diagonally across the cathode axis were also visible 
on the surface as seen in Fig A4.1(c). It is not certain if these are polishing marks or 
slip lines caused by emergent slip planes, due to plastic deformation during D loading. 
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Figure A4.1. SEM photographs of the surface of the pd cathode 
from Experiment 5. 
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Appendix 5 

Calculation of Tritium Content of Palladium Cathodes 

Approximate weight pf Pd cathode = l o g  

or 10/106 moles of Pd 

Assume tritium (T) absorbs into the Pd in the same proportion to deuterium (D) as in 

the electrolyte solution. Also, assume a loading ratio of D/Pd = 1 : I .  

Typically, the concentration of Tritium in the as-received heavy water is 40 dpm, 

which is equivalent to 

40 x 107 atoms T/ml 

Then 
D _ -  
T - 1  

and the number of moles of T in the Pd is: 

10 -14 -1 6 -1 5 
-x i0 =9.4x10 ~ 1 0  moles 106 

Therefore, the number of moles of T in 80 ml of electrolyte solution is: 

-13 
= 3 . 2 ~ 1 0  80x40~1 O7 

1 o~~ 
Hence, if all the T in the rod was suddenly brought into solution, the increase in T 

would only be about 1%, since 

1 d5 + 3 . 2 ~ 1 0 - ~ ~  --  
- 100 32x1 0-l3 

Note: There is some separation of T into the Pd, but this is less than 2 a 

literature. The actual number is dependent on many factors. 

ording to th ! 
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Appendix 6 

Analyses of Release of Tritium by Intentional Exposure of Cathode 

The small anomalous increases in tritium content of the electrolyte following 
shut-down of Experiments 1 and 3 were tentatively associated with accidental cathode 
exposure. Consequently, an attempt was made to intentionally reproduce the 
conditions thought to cause this tritium increase. The electrolyte level in Experiment 4 
was intentionally left to drop sufficiently to expose the cathode on two occasions for a 
period of 6-10 hours. Simultaneous measurements were made of the neutron and 
gamma ray flux in the vicinity of the cell. Samples of the electrolyte were taken daily 
and were analyzed along with the daily collection of recombined liquid. All the 
samples were buffered with sodium phthalate and analyzed in a Beckman Scintillation 
Counter, where all points were for an average of at least four integration periods. The 
integration time was unfortunately not the same in each case due to time constraints in 
analyzing large number of samples. Samples were also taken in Experiments 5 and 6 
over the same period, but the cathodes were never exposed. The results are shown in 
Figures A6.1 - 3 for Experiments 4, 5, and 6, respectively. 

No significantly large increases in the tritium levels were detected in any 
of the three cells. However, in Experiment 5, an apparent, but small increase in tritium 
content did occur during the period when excess heat was observed. This is 
particularly the case for recombined liquid. 
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figure A6.2. Detailed analysis of tritium content for Experiment 5. 
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Summary 

In an attempt to observe the production of excess heat by the Pons and 
Fleischmann effect, under the modified conditions of Oriani, et ai., 0.1 M LiOD (with 
added D2SO4 to bring the pH to 1.7) in heavy water at near-ambient conditions of 
temperature and pressure, was electrolyzed with palladium cathodes and platinum- 
gauze anodes in closed cells containing a recombination catalyst. Each cell was 
installed in turn in a Seebeck calorimeter, which was estimated to be capable of 
observing excess heat to an accuracy of +2-3% at power input levels of one watt or 
higher. 

Two of five experiments were carried out under the same current-time 
conditions as reported by Oriani et al, who observed in less than three days of 
operation, up to 27% excess heat using an open cell with external recombination. In 
the experiments reported here, no excess heat was observed for electrolysis of these 
acid electrolytes, but this may have been due to the unusually high measured cell 
voltages, which caused electrolyte temperatures to exceed 60 C. Experiment 
durations were relatively short (less than 100 hours) and no measurable increase in 
tritium content of the electrolyte was observed. Atomic ratios, D/Pd, were observed to 
be greater than one. 

Two additional experiments were run with basic electrolytes of 0.1 M LiOD in 
heavy water for long time durations of 33 and 74 days. Again, no excess heat was 
observed. 

Acknowledgement 

Funding for the research discussed in this report was provided by the State of 
Utah as part of the 1989 grant to the National Cold Fusion Institute. 

1. Introduction 

One of the principal aims of the College of Engineering research group at the 
National Cold Fusion Institute has been to investigate the possibility of the production 
of excess heat by cold fusion using alternative methods of calorimetry. Fleischmann, 
Pons, and Hawkins (1 989) conducted their experiments with open isoperibolic cell 
calorimeters. As discussed in an earlier College of Engineering report, Riley et al 

2-87 



(1 990) employed flow calorimeters to search for relatively large quantities of excess 
heat (>I watt). The flow calorimeter is based on first-law-of-thermodynamics principles 
and provides conservative data without complex and uncertain assumptions about 
heat transfer. Unfortunately, the assumption that the excess heat scales up with the 
mass of the palladium cathode is uncertain. Therefore, it was deemed necessary to 
also perform accurate calorimetry at much lower input power levels. 

With the above in mind, a Seebeck calorimeter was acquired on loan from 
Thermonetics Corporation of San Diego, California. This type of calorimeter is similar 
to a flow calorimeter in that the measured heat output is an integral of all the heat 
flowing out through the walls of the calorimeter. At steady-state operation, temperature 
gradients within the calorimeter are irrelevant as is the position of the electrolytic cell 
within the calorimeter. However, it is necessary to calibrate the cell. In addition, this 
type of calorimeter has long-term stability. A disadvantage of this type of calorimeter is 
the long time constant (typically 12 minutes), which tends to smear out short-term heat 
bursts and other short-term transient phenomena. This precludes time resolution of 
observed processes. All heat eventually flows out through the calorimeter enabling an 
accurate total energy balance over time to be made. We elected to run all the 
experiments using internal recombination of the produced deuterium and oxygen, and 
hence operate the cell in a “closed” condition. After loading of the palladium, no mass 
leaves the calorimeter and hence no energy is removed by outflowing gases. This is 
believed to be a preferred mode of cell operation from the standpoint of calorimetry. 
However, some subtle differences in chemistry may cause closed cells to perform 
differently than open cells. 

The long electrode charging time required before excess heat bursts are 
observed is a deterrent to using expensive commercial calorimeters like the Seebeck 
device, in which only single experiments can be run. The work of Oriani, et al. (1989) 
suggested that results could be obtained very quickly if  the pH of the medium was 
changed from 13 (basic side) to 1.7 (acid side) by the addition of D2SO4 to 0.1 M 
LiOD. Consequently, apart from light-water calibrations, all initial experiments were 
conducted for short durations of just a few days using such acid electrolytes. 
Subsequent experiments used the more common basic electrolytes of 0.1 M LiOD in 
heavy water for durations of up to 74 days. 
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2. Experimental Method 

A schematic diagram of the experimental equipment is shown in Figure 1. The 
Seebeck calorimeter on loan from Thermornetrics Corporation consists of a cubical 
box, of inside dimension of 12 inches, with a hinged lid that can be clamped down to 
make a gas-tight seal. The inner six walls of the box are made of copper and painted 
black. In every side of the box there are hundreds of thermoelectric elements 
connected in series. The outermost layer of the box is a water-cooled jacket, which is 
separated from the inner copper lining by a phenolic insulator layer in which the 
thermoelectric elements are embedded. Three ports exist in the walls to permit 
passage of instrument cables and tubes into the inside of the box. These ports are 
thermally sealed and insulated. The entire calorimeter was surrounded with one-inch 
thick polystyrene foam and placed inside a large cardboard box to greatly reduce the 
effect of room-temperature fluctuations. A Forma Scientific model 7095 water bath 
was used to supply temperature-regulated water to the calorimeter water jacket 
thereby maintaining the outer temperature of the calorimeter constant to within 0.02 C. 
The actual jacket temperature was varied according to the experiment. The operation 
of the Seebeck calorimeter is well understood and is described in the scientific 
literature (e.g., Poppendiek and Hody, 1971). It has been used extensively for 
biological heat production measurements. 

The rate of heat flow out through the phenolic insulator layer, which acts 
as a heat transducer, is given by Fourier’s law for steady-state heat conduction, 

q = kA(AT)/(Ax) 
where 

q = rate of heat transfer, watts 
k = average thermal conductivity, wattskm-C 
A = average area for heat transfer, cm2 
AT = average temperature drop across the phenolic layer, C 
Ax = average thickness of the phenolic layer, cm 

The relatively small temperature drop across the phenolic layer is greatly 
magnified by using a few thousand thermocouple junctions in series, as a thermopile, 
covering the entire six sides of the calorimeter box. Thus, Equation 1 is modified to 
give, 
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Figure 1. Schematic of experimental equipment. 
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(AE) 
NP (Ax) q = kA 

te 

where 
AE = measured thermopile output, mV 
N = number of thermocouple junctions 

Pt, = thermoelectric power for one junction of the particular 
type of thermocouple being used, mV/C 

For a particular Seebeck calorimeter, Equation 2 can be simplified to 

q = a(AE) 

where 
a = cell constant, watts/mV 

= kA/NPte (AX) 

(3) 

Because k, Pte, and A, and (Ax) are all functions of temperature, C also 
depends on temperature and is typically determined by calibration at different jacket 
average cooling-water temperatures. Typically, the constant a decreases with 

increasing temperature, but changes no more than 10% over a 40 C near-ambient 
temperature range. 

The cell constant for our particular Seebeck calorimeter was determined, using 
an electric heater placed inside a test tube containing light water, over a range of 
power inputs and external water jacket temperatures. At each setting, sufficient time 
was allowed for the calorimeter to come to equilibrium before recording the output 
thermopile signal. 

At a cooling-water temperature of 21 C, the cell constant was typically 1.34 
Watts/millivolt, which compares very well to a published value for this size calorimeter 
of 1.34 as reported by Poppendiek and Hody (1971). The thermopile mV signal was 
measured using a chart recorder and also by an Omega Engineering data acquisition 
system for a Maclntosh Ilx. Due to interfacing problems (low input impedance and 
glitching caused by diode protection circuitry), a high input-impedance buffer was 
installed between the calorimeter and the Mac Ilx. This buffer was not of sufficiently 
good quality to permit suitable resolution. Consequently, in subsequent experiments, 
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a Keithley 199 meter with scanner option was used to measure the calorimeter output 
and send the data to the Mac Ilx digitally over the IEEE interface. This meter, with a 
resolution of 1 microvolt, had excellent long-term stability. 

The experimental data was logged using Workbench v 3.0 software from 
Omega Engineering. This permitted online calculation of not only instantaneous 
power in and out, but also integration to obtain total energy input and output. Running 
averages (over 20-second time periods) were taken of all experimental variables 
recorded. This helped smooth out voltage noise associated with gas evolution at the 
electrodes. The unsmoothed data was taken every 2 seconds and recorded every 200 
seconds. 

The electrolytic cell was a modified test tube 254mm long and 22 mm in outside 
diameter. Normally, it was partially filled with approximately 45 ml of electrolyte. A 
side arm was formed to permit the initial surplus oxygen to leave the cell while 
deuterium was being absorbed into the palladium cathode. The cell was inserted into 
an aluminium block, which had large cooling fins, and was placed in the corner of the 
calorimeter. A thermal compound consisting of aluminium powder and silicone oil was 
used to provide good thermal contact between the glass cell, the aluminium block, and 
the calorimeter lining to improve the time response of the calorimeter. 

A schematic of the interior of the cell is shown in Figure 2. Four glass tubes 
supported a series of spacers made from Teflon. The anode was 49-mm or 98-mm 
long by 14-mm diameter platinum gauze (50 mesh) from Aldrich. For the initial 
experiments, palladium wire, 0.05 mm in diameter by 98 mm long was spot-welded 
along the length of the inside of the anode in two places in the manner of Oriani, et al. 
(1989). The cathode was held centrally and connected by three Pt wires, spot-welded 
to the top of the cathode. In subsequent experiments with basic electrolytes no 
palladium wire was welded to the platinum gauze anode. 

A roll of Prototech catalyst (type PSN, size 38 x 75mm) was placed on a spacer 
in a headspace above the electrolyte. Above this was a Teflon bucket containing 
Platinum-coated alumina beads from Prototech. This combination caused complete 
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Figure 2. Schematic of electrolytic cell. 
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recombination of the deuterium and oxygen gases, thus permitting reliable closed-cell 
operation over periods of time greater than 70 days. 

A thermistor was placed inside one of the glass tubes to provide a 
measurement of the cell temperature. Another glass tube was used to sample 
electrolyte at periodic intervals. The remaining two tubes conducted the anode and 
cathode leads up and out of the cell. 

The lid and all the tubes leaving the cell were made gas tight using O-rings and 
a silicone compression gasket. Any gases that escaped from the cell side-arm passed 
through a copper tube wound around the inside of the calorimeter in order to extract 
any heat that might escape. All evolved gases were measured volumetrically. 

All electrolyte solutions were made using heavy water purchased from 
Cambridge Isotopes Limited, which had a background tritium content of 40 dpm/ml. 
Lithium metal of natural isotopic abundance was added to make a 0.1 M solution. 
Following Oriani's procedure, for the acid electrolyte experiments, D2S04 (Aldrich) 
was added to the stock solution of LiOD until the pH was 1.7. 

The cathode material was purchased from Johnson-Matthey except for 
Experiment 5 where the Pd was of unknown origin but normally 99.999% pure. 
Palladium was used in the as-received condition except that nitric acid (to remove 
traces of copper from spot welding), acetone, and/or ultrasonic cleaning in heavy 
water was used to prepare the surface prior to the experiment. 

3. Results 

A summary of conditions for the seven experiments reported here is given in 
Table I. In none of these experiments was either instantaneous or integrated excess 
heat observed. Computer data, which were only obtained for Experiments 3, 4, 8, and 
9, are shown in Figures 3, 4, 5, and 6, respectively. In Experiments 3 and 4, the power 
input/time procedure of Oriani et al., as given in Table 2, was followed as closely as 
possible. Experiments 6 and 7 were aborted before any useful data were obtained. 

Experiment 3 was terminated after 47 hours following Episode 7 (see Table 2) 
because, as shown in Fig. 3(g), integrated excess energy never exceeded 2.8'/0, 
compared to an estimated experimental accuracy of +2.7%, where 2.2% is attributed to 
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Table 1 

Summary of Experimental Conditions for Seebeck Calorimeter 

Powerhime 
Procedure 

- 

Additional Experiment 
bla Cathode 

Bath 
Tenulerature.C 

Control 
Mode 

voltage 

voltage 

current 

voltage 

current 

current 

current 

Anode 
Fan and 0 2  monitor 
on. Nocomputer 
data. Nocatalyst 

beads. 

1 pd wire (J-M) 
99.97% 

lmnx9omm 

Pt gauze 
'7 mm spaang 

20.9 

W wire (J-M) 
99.97% 

lmmx4smm 

Pl gauze 
4 mmspadng 

21 No fan or @ monitor. 
No computer data. 
Addition of catalyst 

beads. 

2 

same as Oriani et 
at. (1 989) 

No fan or 0 2  monitor. 
Addition of catalyst 

beads. 

Pd wire (J-M) 
99.97% 

1 m m x 4 5 m  

Pl gauze 
7 mmspadng 

21 

5.6 Flowmeter and 
themistors in water 
jacket to measure 

heal output. 
OtheNvise same as 

Expt. 3. 

Pd wire (J-M) 
99.97% 

1mmx4omm 

Pl gauze 
7 mm spadng 

sameasorianiel 
al. (1989) 

5 Pd wire 99.999% 
0.5 mm x 40 mm 

Pl gauze 
7 mm mng 

Pton Nb 
gauze 

7 mm spacing 

Pl on Nb 
gauze 

7mmspacing 

21 

21 -5 

21.5 

same as Oriani et 
al. (1 989) 

See Fig. 5 

No computer data. 

Closed cell 8 Pd rod 
('hot" J-M) 

4mmxlOmm 

Closed cell 9 Pd rod 
('hot" J-M) 

4mmx50mm 

See Fig. 6 

'horizontal distance from gauze to outer surface of palladium rod 



Table 2 

Power InpuVTme Procedure of Oriani et al. (1 989) 

Time Duration, 
Hours 
16.42 

2.60 

1 S O  
2.50 

5.33 

0.50 
2.00 
9.33 
1.72 

1.28 
1.17 

0.28 
1.05 
1.13 

0.70 
0.55 

2.78 
12.83 

0.73 
1.82 

Cumulative Time, 
Hours 
16.42 

19.02 

20.52 
23.02 

28.35 

20.05 
30.85 
40.1 8 
41.90 

43.18 
44.35 

44.63 
45.68 
46.81 

47.51 
48.06 

50.84 
63.67 

64.40 
66.22 

current, 
amDs 

1.28 

1.99 

2.23 
2.23 

1.46 

1.95 
1.95 
1.95 
1.95 

1 .a3 
1.83 

2.25 
2.25 
2.25 

2.21 
2.21 

0.07 
0.87 

2.1 1 
2.1 1 
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(a) Cell current 

Time, hours 

(b) Cell voltage 

30 40 50 60 10 20 0 

Time, hours 

Figure 3. Data for Seebeck Experiment 3. 
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Figure 4. Data for Seebeck Experiment 4. 
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the measurement of the outlet power and 0.5% to the measurement of the inlet power. 
This result can be compared to the result obtained by Oriani et al. (1989), who used 
external recombination and, during Episode 3, observed 27% excess heat for a period 
of almost three hours. Unfortunately, the measured cell voltage in Experiment 3, as 
shown in Figure 3(b), was about twice that reported by Oriani et al. (1989). For 
example, during Episode 3, when the cell current, as shown in Fig. 3(a), was 2.2. 
amps, the cell voltage, as shown in Fig. 3(b), was approximately 16 volts, compared to 
7.53 volts reported by Oriani et al. During this episode, the electrolyte temperature, as 
shown in Fig. 3(e), increased to 64 C. Oriani et al. did not report the electrolyte 
temperature, but it was probably much lower because the much lower voltage would 
result in less Joule heating. Perhaps the concentration of D in the Pd was lower at 
these higher temperatures and below a threshold value necessary for cold fusion. 

Similar results were obtained in Experiment 4 during a period of 66 hours, 
where, however, current/time conditions for all ten of the Oriani et al. episodes were 
followed. Again, during Episode 3, the electrolyte temperature, as shown in Fig 4(e), 
reached a high value (72 C). During Episode 7, the temperature reached an even 
higher value of 76 C. As shown in Fig. 4(g), the integrated ratio of heat out to power in 
never exceeded 1.01. 

The volume of evolved gas collected volumetrically in Experiments 3 and 5 
were 42 and 15 cm3, respectively. This implies a loading ratio for D/Pd of greater than 
1, as determined in Appendix 2. Tritium content of the electrolyte was measured at the 
end of each experiment. The results given in Table 3 show no significant increase. 

Some interesting problems arose during the operation of the cells for 
Experiments 3 and 4. As mentioned above, the cell voltages required to achieve the 
necessary current densities were excessive and larger than those reported in similar 
experiments by Oriani et al. In any event, the experiments reported here failed to show 
any evidence of excess heat or production of products for nuclear fusion reactions. 
The reason for this is unclear. The use of a helix of Pt wire (0.5 mm) for the anode was 
found to cause even higher cell resistance than Pt gauze. 

The cause of the high cell voltage could not be found. The electrolyte 
conductivity was measured and shown to be close to the calculated value. The spot 
welds between the gauze and the Pt wire had a resistance of less than 0.1 ohm. 
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Except for Experiment 1, our electrode geometry and size were the same as used 
byOriani et al. (1989). Thus, the large amount of Joule heating was due to some 
unknown cause. 

Finally, it can be argued that a closed cell is very different from the open cell in 
which excess heat was reported by Oriani et al. The open cell is exposed to C02, 
H20, 0 2 ,  and N2. Also, the catalyst may produce cathodic poisons. However, before 
cold fusion can be declared “real” it must be clearly demonstrated in a closed cell with 
the above-discussed attributes. 

Experiments 8 and 9 were conducted for durations of 33 and 74 days, 
respectively, using the more common basic electrolyte of 0.1 M LiOD in heavy water. 
For Experiment 8, cell current, cell voltage, and electrolyte temperature are plotted as 
a function of time in Figs. 5(a) to (c). Current varied in steps between 450 mA and 940 
mA, corresponding to current densities of 340 and 720 mA/cm2, respectively. 
Corresponding cell voltages, as shown in Fig. 5(b), varied between 11 and 19 volts. 
These high cell voltages caused the electrolyte to reach temperatures as high as 62 C, 
as shown in Fig. 5(c). Daily-average values of power in and heat out are given in Figs. 
5(d) and (e), respectively, while the ratio is plotted in Fig. 5(f). As shown, the heat 
output followed the power input quite closely throughout the 33-day duration of the 
experiments. The resulting ratio, shown in Fig. 5(f) never exceeded 1.03 and was 
never lower than 0.98. Because these values are within the estimated experimental 
accuracy of +3%, it was concluded that no excess heat was observed. This is 
confirmed on a total energy basis in Fig. 5(g). 

Experiment 9 was run for a duration of 74 days, more than twice the duration of 
Experiment 8. As shown in Fig. 6(a), 22 days were spent at a current of 400 mA (64 
mA/cm*), while just over a month was subsequently spent at 2000 mA, with 
corresponding current densities of 64 and 320 mA/cm2, respectively. Cell voltages 
were as high as 18 volts except for the last four days, as shown in Fig. 6(b). Resulting 
power and energy plots are given in Figs. 6(c) to (f). As with Experiment 8, no excess 
heat was observed. 
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Table 3. 

Summary of Tritium Measurements 

Original electrolyte solution 

Light water solution control 

Electrolyte at end of expt #1 

Electrolyte at end of expt #2 

Electrolyte at end of expt #3 

Electrolyte at end of expt #4 

Electrolyte at end of expt #9 

39.6 

38.0 

43.8 

39.6 

40.6 

30.0 

40.7 
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Figure 5. Data for Seebeck Experiment 8. 
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Figure 6. Data for Seebeck Experiment 9. 
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Appendix 1 

Calibration of the Cell Constant of the Seebeck Calorimeter 

The calibration of the Seebeck calorimeter was made using an electrical 
resistance heater placed in a glass cell identical to that shown in Figure 1, but 
containing light water and operated without electrolysis. The time required to come to 
equilibrium was never less than 2 hours and was occasionally as long as 16 hours 
(over night), depending on the time of start. 

In early calibrations, as indicated in Table A l . l ,  the cell and other devices, such 
as an air heater, an air-mixing fan, and a hydrogen detector, were located within the 
calorimeter and affected the calibrations. Such calibration data, which were obtained 
prior to January 10, 1990 were obtained for resistance heater power inputs up to 100 
watts and jacket cooling-water temperature of 5.5 to 40 C. Resulting average cell 
constants varied from 1.321 to 1.415 (after correcting for the offset of the other 
devices), but most data were in the range of 1.321 to 1.354. 

The last two sets of calibration points were taken with the air-mixing fan and 
hydrogen detector removed, for a power input range, as given in Table Al.2, of 2.2023 
to 28.3071 watts and a cooling-water jacket temperature of 21 C. The resulting cell 
constant determined from the data plot of Figure A l . l  is 1.344. 

Based on the calibration data, in Table A1.2, the accuracy of the cell constant 
was estimated to k0.03, or 2.2%. 

It can be seen that there is some variation in the cell constant, especially at the 
lower power inputs. The maximum deviation was 2% from the mean and less than 1% 
at typical working input powers. It is interesting to note that there does seem to be 
some slight effect of power input on the cell constant. 

The temperature of the outer jacket does affect the cell constant, as shown in 
Table A1 . l .  Consequently, the water jacket was always kept at the same temperature 
at which the calibration was carried out. 
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Table A1 .1 

m 
10/24/09 

(D 

1/9/90 

1/23/90 

Summary of Calibration Experiments 

Cooling Water Residual 
GQfidum I&oumm& QffaunY 

Alr Heater. Fan on. Up to 
27 Watts. Hydrogen 

detector on. 

25 

Box insulated on outside. 21 
lmmembn heater in cell. 40  

Fanon. Hydrosen 
detector on. Up to 100 

Watts. 

lmmersbn heater. No fan. 5.5 
No Hydrogen detector. 

Immersion heater. No fan. 5.5 
No Hydrogen detector. 

New Keithley data 21 
acquisition system- 

Immersion heater. No fan. 
No H2 detedor. Water 

level in cel low. 

0.62 

0.34 

0.05 

0.05 

See Table Al.2 

Average Cell Constant 
Watts/mV 

1.415 

1.354 
1.327 

1.321 

1.344 

1/29/90 Same as 1/23/90, except 
in normal water level in 

cell. 

21 See Table Al.2 1.344 



Table Al.2 

Calibration Data for 1/23/90 and 1/29/90 

Power 
lQuJws 

2.2023 
8.1 641 

28.3071 
13.8547 
5.6532 
7.1088 
2.8077 
7.41 47 

14.5428 
3.5397 

Seebeck 
my 

1.61 6 
6.062 

21.057 
10.264 
4.225 
5.238 
2.1 37 
5.551 

10.932 
2.665 

2-1 20 



001 OllQ 

Seebeck calorimeter output, mv 

Figure Al.1 Determination of cell constant from calibration 
Data of Table A2.2 
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Appendix 2 

Loading Ratio, D/Pd, From Oxygen Volume 
Collected with Closed Cell in Seebeck Calorimeter 

ExDeriment 3 
Oxygen collected = 42 ml at 21 C and 635 mmHg. 
cathode: 1 mm diameter by 45 mm long. volume = 4.5 7~(0.1)2/4 = 

0.0353 cm3. 
density = 12.16 gm/cm3, so mass = 12.16 x 0.0353 = 0.429 gm. 
MW = 106.7 gm/mol, so cathode has (0.429/ 106.7) = 0.00402 mols Pd 
Oxygen volume at STP: 42 ml (273/(273+21))(635/760 ) = 32.58 ml. 
This is 32.58 ml/(22,415 ml/mol) = 0.00145 mol. 0 2  

In electrolysis, 2D20 + 0 2  + 4D, so 4 times as many mols of D should be 
absorbed by the cathode as released of 0 2  before stoichiometric recombination 
begins. Hence, the mols of D = 4 x 0.00145 = 0.0058 mol. Therefore, D/Pd = 

0.0058/0.00402 = 1.44. 

ExDeriment 5 
Cathode: 0.5 mm diameter by 40 mm exposed length and 45 mm total. 
(Use the total). 

Mass = (1 2.1 6) x 4.5 x 7[: (0.05)2/4 = 0.1 074 gm or 0.1 074/(106.7) = 

0.001007 mol Pd 
Gas collected: 15 ml or 15 (273/(273+21)~(635/760) = 11.6 ml = 

(1 1.6 /22,415) = 0.00051 9 mol 0 2  

Equivalent D is 4 x 0 2  = 0.00207 mol. 
Therefore, loading ratio = D/Pd = 0.00207/0.001007 = 2.06. 
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Summary 

Ever since the announcement of cold fusion by Pons and Fleischmann, it has 
been claimed that an atomic loading ratio of D/Pd in the palladium cathode of greater 
than one is necessary. Because of our success in developing closed cells with 
internal recombination, it was possible to develop a volumetric technique for making 
the loading measurement during and without disturbing electrolysis. Application of 
the technique is even possible during a calorimetric experiment. At the beginning of 
an experiment, the water level in a primary buret connected to the headspace of the 
cell, is lowered so that it has an empty volume of 50 ml. A vacuum pump is used to 
evacuate the air from the cell and the buret. After attaining a vacuum of 27 inches of 
Hg, deuterium gas is admitted to the cell and the buret at atmospheric pressure. This 
procedure of evacuation followed by filling is repeated a second time to ensure that 
the gaseous environment in the cell and buret is essentially 100% deuterium. The 
experiment is then initiated by switching on the flow of electrical current. Initially, most 
of the deuterium produced by electrolysis at the cathode is absorbed by the palladium 
cathode. Thus, oxygen produced at the anode reacts with the deuterium gas 
previously charged to the cell. Therefore, with time the amount of gas in the buret 
decreases. As the experiment proceeds, this volume decrease in the buret is 
periodically measured. Immediately prior to the measurement, the pressure in the cell 
is equilibrated with the atmosphere. During the experiment, atmospheric pressure and 
the air temperature in the vicinity of the buret are constantly measured. Cell current 
and voltage are recorded every time a buret volume measurement is made. The 
system is regularly tested for leaks by moving the second adjustable buret and 
pressurizing the cell. By initially backfilling the gas space with deuterium gas, a 
suggestion made by Professor Cheves Walling of the Chemistry Department, an 
accuracy of better than 5% has been achieved. A total of 62 experiments were run 
under this procedure covering a wide range of variables, including: Pd-cathode 
diameter, source, and surface treatment; electrolyte composition (acid and base); and 
current density (4 to 300 mNcm2). Except for 12 experiments, the atomic loading ratio 
of D/Pd was below 1.0, and typically in the range of 0.65 to 0.85. The steady-state 
loading ratio did not vary systematically with any of the variables, but the rate of 
loading did depend upon the current density up to a threshold value. In those cases 
where the ratio exceeded one, other tests at the same or similar conditions gave ratios 
below one. Thus, it is not known why some ratios attained or exceeded one. Within 
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experiment error, no increase in tritium level above background was observed in any 
of the loading experiments. 
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1. Introduction 

The recently reported experimental production of excess heat during the 
electrolysis of heavy water by Fleischmann et al. (1989, 1990) has been plagued by 
the problem of reproducibility. They originally suggested that a necessary condition for 
the excess heat, assuming the cause to be cold fusion within the palladium cathode, 
was an extremely high loading of deuterium in palladium, a ratio of one atom of D to 
one atom of Pd being suggested as an optimum value. Under such a loading, it was 
postulated that D-D fusion may occur. Subsequent theoretical work by Springborn 
(1990), Wei and Zunger (1990), Sun and Tomanek (1989), Wang et al. (1989), 
Horowitz (1989), and Parmenter and Lamb (1989), has shown that the conventional 
tunneling mechanism would not work because the deuterons existing in the 
octahedral sites in the fcc palladium lattice would be too far apart to explain the excess 
heat reported by Fleischmann et al. Screening mechanisms to suppress the Coulomb 
barrier are also unfeasible as reported by Leggett and Baym (1989) and Kondo 
(1989). Other theoretical work by Bressani et al. (1989) and Hagelstein (1989) has 
suggested that under certain conditions, when the deuteron sub-lattice is completely 
full at a deuterium-to-palladium loading ratio of 1 :1, quantum-coherent phenomena 
may become important. It is conceivable that the local value of the loading ratio may 
achieve 1 :1 even when the average loading is much less. However, there is no direct 
evidence for this. Measurements of diffusion noise of hydrogen in palladium by 
Zimmerman and Webb (1988) have given some indications of clustering of hydrogen. 
Neutron scattering experiments by Anderson et al. (1 979) have indicated that 
clustering of hydrogen interstitials can explain the specific heat anomaly in palladium 
at 50K. Certainly, at specific defect sites, such as dislocation cores or grain 
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boundaries, there will be some increased concentration of light interstitials. The 
region may be quite large, of the same order as the strain field at the dislocation. 

The choice of palladium as a medium for solid-state fusion is appropriate as 
palladium has a very unique ability to absorb large quantities of hydrogen and its 
isotopes. Although the need for high critical loadings has been stated to be 
necessary, in very few studies of the cold fusion phenomena have there been attempts 
to measure it. In studies where loading has been measured, indirect methods have 
been used whose accuracy is questionable, particularly at high loading levels. The 
failure to reproduce the cold fusion phenomena has been attributed to the inability to 
attain a value of the deuterium to palladium ratio of 1:l. Many reasons have been 
proposed for this failure including poor electrode surface preparation, cathode poisons 
in the electrolyte, insufficient current density or potential overvoltage, and insufficient 
charging time. However, ion implantation has been used by Durocher et al. (1989) to 
create locally high concentrations (>I)  of deuterons in palladium. However, no excess 
nuclear products were detected even under these very non-equilibrium conditions. 

It is the object here to report the results of studies on a novel direct volumetric 
method for the measurement of the loading of deuterium in palladium under 
electrolysis conditions typically used in cold fusion experiments. 

2. Previous Loading Techniques 

The palladium-hydrogen system has been intensively studied since the initial 
work by Graham (1866). An enormous literature exists on the chemical and physical 
properties of this system, as summarized by Lewis (1 967), Smith (1 948), and Alefeld 
and Volkl (1978). One of the most often studied and most important properties is the 
ability of palladium to absorb isotopes of hydrogen. There are two basic methods for 
loading palladium with deuterium: (1 ) gas-phase loading at elevated pressures and 
(2) electrolysis. Combinations of the two have also been employed. Many of the 
earlier studies were carried out in the gas phase where it is experimentally easier to 
produce clean conditions and surfaces and obtain repeatable results. However, the 
electrochemical method has the potential advantage of being able to achieve higher 
effective pressures and loading levels more readily than the gas method. For both 
methods, techniques for measuring the loading level are not simple and are subject to 
severe limitations at higher loading levels where many thermodynamic 
approxi mat ions become invalid. 
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Many techniques have been used to measure the quantity of deuterium in 
palladium. In gas-phase studies, the volume of the sample chamber is kept constant 
and the pressure change is followed as the palladium absorbs deuterium. The 
deuterium content can be calculated using Sieverts Law as described in Lewis (1967). 
However, this technique is invalid at high loadings where the fugacity of the deuterium 
becomes important. The highest loading reliably measured with this technique is 0.85 
at pressures of up to 3.1 GPa, as reported by Baranowski et al. (1990). 

The absorption of deuterium causes the electrical resistance of the palladium to 
increase, such that the relative resistance change can be used to indirectly infer the 
degree of loading. However, the resistance change is linear only at low loadings and 
is observed to decrease when the loading exceeds 0.65 as reported by Lewis et al. 
(1979) and Burger et al. (1975). This technique is complicated by the microstructural 
damage induced during loading, which causes hysteresis upon subsequent 
unloadings and reloadings. Hoare and Schuldiner (1 957) observed that the electrode 
potential fell during open-circuit unloading, but a resistance change did not occur. 
Relative resistance data are available from Burger et al. (1975). Smedley (1989) 
used reported resistances to derive loading values. Accuracy of this technique is in 
some doubt due to the need for a separate direct method of calibration. 

Weight gain, as reported by Gillespie et al. (1989), has been used as a direct 
technique of measuring deuterium uptake in both gas phase and electrolytic 
experiments. In most cases, the rod is charged and then removed from the solution, 
dried, and quickly weighed. The presence of surface coatings and remaining moisture 
obscures the true weight change. In addition, it is impossible to obtain data when the 
palladium is in a highly loaded condition because the supersaturated palladium is 
extremely unstable and the deuterium is evolved very rapidly through the highly 
damaged surface layers. Subsequent weight-change measurements tend to 
underestimate the degree of loading when extrapolation is made to time zero. The 
measurement of weight changes was also attempted in situ by Gillespie et al. (1989), 
but this is difficult in electrolytic experiments. Deuterium evolution, leading to attached 
gas bubbles, causes buoyancy effects, and dimensional changes of the palladium 
upon absorption of deuterium make accurate measurements difficult. 

Dilatometry has been used, as reported by Guruswamy (1990), to follow 
dimensional changes in palladium during deuterium absorption. The loading level 
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can be inferred from X-ray crystallography data of the lattice expansion during 
deuterium uptake. This is also an indirect technique and requires the assumption that 
the palladium expansion is homogenous. At high loadings beyond the beta-phase 
transition, the increase in the volume of the unit cell is non-linear according to 
Baranowski (1 972). This necessitates a separate direct calibration at these higher 
loadings. 

Permeation measurements using the technique of Devanathan and Stachurski 
(1962) have been widely used to estimate the diffusion coefficient and degree of 
loading. This technique has been applied mainly to thin films. The results are not 
strictly applicable to rods and wires used in cold fusion experiments because the 
metallurgy is not identical. This technique requires that one interface be held at zero 
concentration of deuterium; hence there is a concentration gradient across the foil. 
This situation is not analogous to typical cold-fusion experiments where provision has 
been made in the design of the electrode geometry so as not to leave a leak path for 
the escape of deuterium. The diffusion coefficients and loading levels obtained by this 
technique are average values over a range of deuterium concentrations. 

Coulometry is a powerful electrochemical technique to determine the deuterium 
content of a metal. By suitable choice of the electrode potential, the absorbed 
deuterium can be anodically oxidized at the electrode surface and the current 
integrated to provide a direct measure of the loading level. This method, which has 
been used by Adzic et al. (1990) assumes that at equilibrium for a potential of -0.83 
volts vs. a standard deuterum electrode, there is no deuterium in the palladium. 

A chemical technique, used in early studies by Lewis (1967), involves placing 
the loaded palladium into a solution of a strong oxidizing reagent such as ceric 
sulphate. The solution is well stirred and samples are taken and analyzed for the 
amount of residual ceric sulphate as a function of time. This technique, which 
assumes total oxidation of the deuterium as it leaves the palladium, is not able to make 
measurements at very short times, thus leading to possibly large errors in assessing 
the loading level. 

A quartz-crystal microbalance has been used by Check and O’Grady (1990) to 
follow deuterium uptake in thin palladium films. Such films have a very different 
metallurgical microstructure compared to the palladium rods typically used; hence the 
data obtained is not directly applicable to rods. In addition, this technique is greatly 
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affectec 3y stresses induced in the film by the phase transition of palladium to the 
alpha and beta forms, thus masking the true mass absorption. 

A simple direct way to measure loading is by a volumetric measurement of the 
oxygen and deuterium produced during electrolysis. This technique has been used by 
Divisek et al. (1990) to obtain values of 0.7 to 0.8. 

Recently, neutron diffraction has been employed by Mukhopadhay et al. (1990) 
to measure the deuterium content of palladium during electrolysis. This is still an 
indirect method as it requires accurate knowledge of the lattice constant as a function 
of the loading level. The highest loading measured in this work was 0.55. This 
criticism also applies to in-situ X-ray diffraction studies by Batella (1 989). 

The object of this report is to present a direct volumetric technique, which can 
be used during calorimetric experiments, and experimental results for the 
measurement of the loading level of deuterium in palladium under conditions as 
similar as possible to actual electrolytic cold-fusion experiments. The loading values 
obtained under conditions used by Fleischmann et al. (1989, 1990) and others have 
been measured as a function of time. In particular, we are interested in elucidating the 
conditions necessary to reach loading ratios of 1 :1 and the time required to achieve 
such ratios. 

3. Experimental Procedure 

The direct technique employed for measuring the deuterium uptake was a 
volumetric measurement of the pre-loaded deuterium necessary to combine with 
excess oxygen produced during the electrolytic loading of palladium with deuterium. 
The experimental apparatus, shown in Figure 1, is a modification of the cells used in 
the calorimetric experiments reported by Riley et al (1990). 

A small glass cell (total volume of 100 ml) containing a palladium cathode and a 
concentric cylindrical anode of platinumhiobium mesh is submerged totally in a water 
bath held as close to room temperature as possible (23 C f 0.02 C). The cathode is 
spot-welded onto the end of a 0.5 mm diameter platinum wire, which enters through 
the top of the cell via a ground- glass joint. Before attachment, the cathode is weighed 
to accurately determine the mass of the palladium. A glass tube encases the platinum 
wire and a glass-to-metal seal is made near the end of the tube. A similar tube carries 
a platinum wire, spot-welded onto the anode. Sufficient electrolyte (20 ml) is placed in 
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the cell such that all the electrodes and the platinum connections are submerged. In 
the head space (80 ml) of the cell, a piece of fuel-cell iectrode (Prototech type PSN) 
of area 4.5 square inches is wrapped in contact with the inner glass wall of the cell. 
Prior to each experiment, the catalyst is kept in an environment of hydrogen at 
atmospheric pressure in a desiccator overnight. It is removed and placed into the cell 
immediately before the start of the experiment. Leaving from a third exit port, is a 
capillary tube, which is connected to a 50-ml buret via a 3-way vacuum stopcock. This 
buret is initially filled with water. By adjusting the relative height of a second buret, the 
pressure in the cell is maintained at atmospheric pressure. All joints are of ground 
glass, greased with silicone to ensure a vacuum-tight system. 

At the beginning of an experiment, the water level in the primary buret is 
lowered so that it has an empty volume of 50 ml. A vacuum pump is used to evacuate 
the air from the cell and the buret. After attaining a vacuum of 27 inches of Hg, 
deuterium gas is admitted to the cell and the buret at atmospheric pressure. This 
procedure of evacuation followed by filling is repeated a second time to ensure that 
the gaseous environment in the cell and buret is essentially 100% deuterium. The 
experiment is then initiated by switching on the flow of electrical current. Initially, a 
fraction of the deuterium produced by electrolysis at the cathode is absorbed by the 
palladium cathode. Thus, at least some of the oxygen produced at the anode reacts 
with the deuterium gas previously charged to the cell. Therefore, with time, the amount 
of gas in the buret decreases. As the experiment proceeds, this volume decrease in 
the buret is periodically measured. Immediately prior to a measurement, the pressure 
in the cell is equilibrated with the atmosphere. During the experiment, atmospheric 
pressure and the air temperature in the vicinity of the buret is constantly measured. 
Cell current and voltage are recorded every time a buret volume measurement is 
made. The system is regularly tested for leaks by moving the second adjustable buret 
and pressurizing the cell. 

In a typical experiment the palladium is made cathodic and a constant current of 
60 mNcm2 is passed through the cell. As mentioned above, during the initial stages of 
loading, a fraction of the deuterium produced at the cathode is absorbed by the 
palladium. An amount of oxygen, as given by Faraday’s Law, is liberated at the 
anode. This oxygen leaves the solution and is catalytically recombined with deuterium 
gas in the cell headspace to form liquid water. As the system is kept at constant 
pressure, the resulting decrease in the gas volume of the cell is a direct measure of the 
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quantity of deuterium absorbed by the palladium. Corrections are made for 
atmospheric pressure, temperature, and water content of the gas. A further discussion 
and example of the loading calculation is given in Appendix 2. 

The majority of the experiments were carried out in 0.1 M LiOD in heavy water 
because this environment has the highest reported success rate for observing excess 
heat. In addition, some experiments were conducted in a solution first suggested by 
Oriani (1990), which consists of 0.1 M LiOD adjusted to a pH of 1.7 by the addition of 
concentrated deuterated sulfuric acid. Various combinations of deuterated sulfuric 
acid, sodium sulfate and lithium sulfate, were also used. The degree of loading of 
palladium by hydrogen was also measured in 0.1 M LiOH and 0.1 M NaOH in light 
water. 

Palladium was obtained from two sources, Aesar (Johnson Matthey, 99.995%, 
1 -mm diameter wire) and Hoover and Strong (purity unknown, 1 -mm, 2-mm, and 4-mm 
diameter). Unless specified, the material was used in the as-received condition and 
no attempts were made to clean the surface. 

Various methods were used in an attempt to enhance the degree of loading and 
the loading rate. Many of these are well established techniques and are described in 
the literature by Lewis (1967) and Smith (1948). Some of the palladium was vacuum 
annealed in a Centorr arc furnace at a vacuum of 10-6 mmHg. Two heat treatments 
were used: 1250 C for 2 hours and 450 C for 2 hours. In several experiments, the 
surface of the palladium was etched with aqua regia. Thiourea was used to 
cathodically poison the surface of the palladium in some experiments conducted with 
the Oriani-type acid electrolyte. Palladium black was electrodeposited onto the 
surface of several palladium cathodes to enhance the uptake of deuterium. 

In later experiments, a platinum wire pseudo-reference electrode was placed in 
the solution to estimate the overpotential at the palladium surface (no luggin probe; 
distance approximately 1 cm from cathode). 

Heavy water (99.9%) was purchased from Cambridge Isotopes Laboratories 
Ltd. and had a variable background tritium content of 20-100 dpm/ml. The 0.1 M LiOD 
solution was made by dissolving metallic lithium, stored under vacuum, (Lithium 
Corporation, Lis content unknown) in heavy water. This was carried out under argon 
in a glove box. Control samples were taken from all stock solutions prior to use to 
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determine the tritium content, which was measured with a Beckman scintillation 
counter at the NCFI. 

Deuterium gas (99.8%, Lot No. F1279 ) was purchased from Cambridge 
Isotopes Laboratories Ltd. The anodes were platinum (99.99%) mesh (50) from 
Aldrich. They were rolled into a cylinder and spot welded onto the Pt leadout wire. In 
several of the earlier experiments, platinum-coated niobium mesh from Engelhard 
Corporation was used as the anode. This was discontinued as the niobium could 
possibly absorb deuterium when the palladium was made anodic. 

Current to the cells was delivered by Hewlett-Packard power supplies and 
measured with Keithley 179A and Fluke 73 multimeters. Cell and reference electrode 
voltages were also recorded. Experiments were always conducted under constant 
current conditions to f 2  mA. 

The size of the palladium cathode was chosen to give a 50 ml gas volume 
change at a loading of 1 : l .  This maximized the resolution when using a 50 ml buret. 
In some instances, a large cathode was used, and in this case 250 ml burets were 
used or the 50 ml burets were quickly refiled with more deuterium. 

4. Results 

A summary of the conditions and steady-state results for the loading 
experiments conducted during this study is presented in Tables 1, 2, and 3. Results of 
the analyses of the electrolytes for excess tritium are given in Table 4. 

Table 1 lists 40 experiments using an electrolyte of 0.1 M LiOD in heavy water 
with palladium cathodes ranging in diameter from 1 to 4 mm. Current density varied 
from 4 to 300 mA/cm2. The resulting atomic loading ratios listed are essentially the 
steady-state values. As shown, the loading ratios varied from as low as 0.43 to as high 
as 1.35. However, for 70% of the experiments, the loading ratios were between 0.65 
and 0.85. In only six experiments did the ratio reach a value of one or higher. 

Table 2 lists 12 experiments using the Oriani-type acid (pH = 1.7) electrolyte. In 
all cases, palladium cathodes were 1 -mm diameter wires. Current density varied from 
60 to 250 mA/cm2. As shown, the loading ratios varied from 0.62 to 1.4. The highest 
value was achieved by exposing the palladium to deuterium gas overnight prior to 
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28.1 5 
28.1 5 
28.1 5 
28.5 
28.26 
29.32 
29.32 
29.07 
28.58 
20.58 
28.85 

1 17.93 
1 17.93 

1 17.93 
117.93 
1 17.93 
1 17.93 

123.12 
1 17.93 
1 17.93 
117.93 

123.1 2 
117.93 
117.93 
1 17.93 
1 17.93 
1 17.93 



electrolysis. Overall, loading ratios for the acid electrolyte of Table 2 were somewhat 
higher than for the basic electrolytes of Table 1. 

Table 3 lists results for 10 experiments with miscellaneous electrolytes, 
including D2SO4, LiSO4, and LiOD in heavy water; and H2SO4, LiOH, and NaOH in 
light water. In all cases, the cathode was 1-mm diameter palladium wire. Atomic 
loading ratios varied from 0.1 to 1 . l .  For 8 experiments, the ratio varied only from 0.6 
to 0.8. Also included in Table 3 is one control experiment using a platinum cathode in 
a 0.1 M LiOD in heavy water, resulting, as expected, in a zero loading ratio. 

4.1 Control Experiments 

Several factors, as discussed below, could possibly influence the measured 
decrease in the gas volume of the system. Therefore, a series of control experiments 
were carried out to verify that the procedure gives a reasonably reliable estimate of the 
deuterium loading of palladium. The major cause of gas-volume decrease was 
expected to be the desirable removal of deuterium by combination with the excess 
oxygen liberated during electrolysis at the anode. However, a temperature rise in the 
gas due to the recombination energy released at the catalyst will cause a gas-volume 
increase. Inefficiency of the catalyst to recombine 100% of the excess oxygen will also 
result in a gas-volume increase (i.e. less of a volume decrease). The absorption of 
deuterium and oxygen gases in the electrolyte is small and negligible. Finally, it is 
possible that an external source of oxygen could be pre-adsorbed on the catalyst, thus 
causing a gas-volume decrease by reacting with gaseous deuterium. 

In a series of three control experiments, two cells were loaded with 0.1 M LiOD 
electrolyte and to one of these cells a recombination catalyst was added. A third cell 
used a Pt cathode with catalyst. The cells were evacuated and backfilled with 
deuterium gas in an identical procedure to the loading experiments. The first two cells 
were not electrolyzed, but the third was. The cells were then monitored for volume 
changes for a period of up to 3 days (4,320 minutes). The results of these experiments 
are shown in Figure 2. Insignificant (1-2 ml) gas volume changes were observed in 
all three cells over the entire length of the experiments. For comparison, a loading 
curve for a typical electrolysis experiment with a palladium cathode and catalyst is 
included in Figure 2, where the gas volume decrease is 29 ml. Thus, for these control 
experiments, the possible factors of error averaged about 3%. With the catalyst 
present, no gas-volume increase was observed. The slight decrease in gas volume in 
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the control experiments was probably due either to experimental error or deuterium 
gas dissolution in the electrolyte. Daily room temperature fluctuations, causing gas- 
volume changes, as seen in Figure 2, were uncorrected in these early control 
experiments. In subsequent experiments, corrections were made for room 
temperature fluctuations. 

Extended electrolysis control experiments were carried out with a cell with a 
palladium cathode and with one with a platinum cathode. The solubility of deuterium 
in platinum is approximately 1/1000 of that in palladium. Thus, the absorption of 
deuterium in platinum, as observed by this method, should be almost insignificant. 
This is indeed the case as is shown in Figure 3, for an experiment in continuous 
operation for 2 weeks at several current densities, up to 120 mA/cm2. This control 
experiment demonstrated that the loading technique is effective at current densities of 
up to 120 mA/cm2. 

One of the largest potential sources of error is an oxygen source other than from 
production at the anode. Leaks from the outside air were judged to be unimportant 
because they would lead to an increase in the gas volume. Such leaks were 
repeatedly shown not to exist by pressure testing. In early experiments, it was thought 
that the catalyst might have a significant quantity of adsorbed oxygen. However, 
control experiments showed that pretreatment of the catalyst in hydrogen removes this 
source of oxygen. Data in Figures 4 and 5 demonstrate that there are no significant 
oxygen sources in the cell. Repeated loading and unloading gave nearly identical 
volume changes and, hence, similar loading ratios. Any potential oxygen source 
would have been consumed during the first loading, resulting in a significantly larger 
initial loading ratio. 

Because the net gas volume change is the sum of all the above effects and 
because in all experiments only volume decreases were observed, the technique 
reported here is a conservative one, tending to underestimate the degree of loading. 
Temperature was measured to 0.1 C (0.5%), atmospheric pressure to 1 mmHg (0.2%) 
and gas volume to 0.1 ml (0.4%). Using these limits of error with the control 
experiments outlined above, the error in the loading ratio is estimated in Appendix I to 
be less than 5%. 

Data for four loading experiments are shown in Figure 6. In all four cases, a 1- 
mm diameter palladium wire was used in 0.1 M LiOD at a current density of 64 
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mA/cm2. The loading level achieved is seen to be between 0.75 and 0.80 after 
approximately 100 minutes. Thus, for these conditions, the asymptotic loading levels 
were not always identical, but only varied by less than 10% from experiment to 
experiment. This variation may have been due to differences in the surface condition 
or internal structure of the palladium. In Figure 6, the loading rate initially increases 
rapidly, with almost identical rates of increase. Two typical experiments with 1 -mm 
diameter palladium wires in an acid solution of the composition used by Oriani and for 
a current density of 60 mNcm2 are shown in Figure 7. 

The results are seen to be similar to those of Figure 6, except that asymptotic 
loading levels were achieved in about half of the time and were somewhat lower, at 
from 0.62 to 0.66. Anodic unloading does not occur as rapidly as cathodic loading, as 
witnessed in Figure 8. It was not found possible to completely anodically unload the 
palladium at 60 mA/cm2, as seen in Figures 4 and 5. Increasing the current density to 
120 mA/cm2 still did not completely unload the palladium. Typically, the anodic 
loading limit in 0.1 M LiOD was found to be 0.1 to 0.15. For example, in one 
experiment, with an electrolyte of Oriani’s composition, a palladium cathode was 
subsequently held anodic at 120 mA/cm2 for nearly two days, unloading to a ratio of 
0.3. Upon removal, the palladium was seen to be heavily pitted and black palladium 
oxide was found at the bottom of the cell. When placed in air, the palladium was 
observed to glow red hot, burning the filter paper on which it was resting. It appears 
difficult to completely anodically unload a charged palladium cathode especially in 
solutions of pH < 2. Thus, the accuracy of coulometric methods for measuring loading 
ratios is subject to question. 

When the cathode is subjected to an open-circuit condition, Figures 4 and 5 
show no discernible unloading. During the cathode open-circuit condition a transient 
is observed, but the loading level soon returns to its previous value. The transients are 
attributed to small thermal changes in the cell when the catalyst ceases to work 
because the sources of deuterium and oxygen are removed. 

It is well known (Smith, 1948) that second and subsequent loadings of 
deuterium into palladium occur more rapidly than the initial loading. Metallographic 
methods have shown (Flanagan et al., 1976) that this is due to the large number of 
structural defects, such as dislocations, that are induced during loading. The presence 
of defects only affects the loading level in the alpha phase, for which the solubility of 
deuterium is low. In the beta phase, heavily cold-worked palladium has a similar 
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loading capacity as annealed palladium. For this reason, it seems unlikely that 
loading at a slow rate (low current density), so as to possibly reduce damage to the 
metal, would significantly increase the degree of loading. Nevertheless, we assessed 
the effect of current density on loading rate and level. In a series of experiments, 
current densities of 4, 9, 30, 60 and 120 mNcm2 were employed. The results for 1 -mm 
diameter palladium wires in 0.1 M LiOD are shown in Figure 9. It can be seen that 
there is a threshold, above which an increase in current density does not increase the 
initial rate of loading. This threshold is somewhere between 30 and 60 mA/cm2. That 
the initial rate of loading must be governed by some property of palladium is 
demonstrated in Figures 6 and 7 by the almost identical times required to achieve 
maximum loading when charging is carried out at 60 rnA/cm* with palladium rods of 
the same diameter. These results strongly suggest that the measured gas volume 
decrease must be attributed to deuterium uptake in the palladium. When the surface 
becomes saturated with deuterium atoms, the loading rate is determined by the 
internal rate of diffusion of the deuterium atoms into the palladium. 

It has been shown by Lewis (1967) that above a certain current density the 
relative resistance and, hence, the degree of loading does not change. This is to be 
expected because of the dependence of overvoltage on current density. The plateau 
value of the relative resistance change increases as the pH decreases. Over the range 
of current densities used in the experiments of Figure 9, the maximum loading level 
attained was in the range of 0.65 to 0.78. Successive loading cycles, as shown in 
Figure 10, gave almost identical rates of loading following a short initiation period. In 
Appendix 4, the data of Fig. 9 are used to compare the loading rate with Faraday's Law. 

Figure 11 shows the effect of increasing the current density during a single 
loading experiment. Raising the current density from 4 to 10 to 60 and then to 120 
mA/cm2 had no discernible effect on the maximum attainable loading ratio when using 
a 1-mm diameter Pd wire in 0.1 M LiOD electrolyte. 

If the loading is carried out above the threshold current density, then the time 
required to saturate the palladium should be a function of the cathode diameter. This 
is confirmed in Figure 12 for diameters of 1, 2, and 3 mm. However, it is difficult to fit 
the loading and unloading data to a diffusion equation because of the involvement of 2 
phases (alpha and beta). We used the method described by Fast (1965) to fit an 
approximate solution to Fick's first law of diffusion for a cylindrical geometry. The 
details are given in Appendix 3. This technique was only partially successful; the 
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correct dependence being observed only in a small part of the loading curve. A 
diffusion coefficient of approximately 1.7 x 1 O-’ cm2/sec was derived. This is in good 
agreement with the value of 1.6 x 10-7 given by Lewis (1967) for deuterium in the a 
phase at 25°C. Diffusion coefficients in the two different phases, a and p, are not 
easily determined as these two process often coexist. Lewis (1967) discusses the 
problems with measuring D, and DP and reports that DP is 10 times greater than D,. It 
is difficult to understand why loading is considerably faster than unloading, but it is 
likely to be a surface effect. 

Palladium wires, 1 mm in diameter were vacuum annealed and then charged in 
0.1 M LiOD at 6OmA/cm2. As shown in Figure 13, treatment at 1250°C for 2 hours and 
600°C for 2 hours resulted in somewhat lower rates of loading and maximum loading 
as compared to the use of palladium in an as-received condition. No difference was 
observed between palladium supplied by Johnson-Matthey and Hoover and Strong. 

Thiourea was added to a 0.1 M LiOD/D2S04 of pH=l.7 electrolyte (Oriani-type) 
to poison the deuterium recombination reaction. Figure 14 shows that a small 
increase in the loading level was observed. In another experiment, the surface of a 
palladium cathode was etched in aqua regia prior to loading. Figure 14 shows that 
this surface pre-treatment did not increase the loading level and rate compared to the 
use of as-received palladium. 

Palladium black was electrodeposited (palladising) onto the surface of a 
palladium rod in order to activate the cathode. This is described by Lewis (1967) as a 
very effective method of increasing the loading rate. Figure 15 shows that such a 
coating does not markedly affect the loading rate in electrolytic loading experiments 
where the surface is saturated with deuterium atoms. In gas-phase experiments, it is 
necessary to have a highly catalytic surface (such as Pd black) to promote the 
dissociation of deuterium molecules. 

A palladium cathode was anodized at 30 mA/cm2 for 20 minutes prior to 
charging. Anodizing is reported by Lewis (1967) to activate the palladium surface and 
increase deuterium uptake. Figure 16 shows that anodizing had little effect on the 
loading rate and maximum loading level. 

The effect of solution pH in the acid region was investigated with palladium of 1- 

mm diameter, when loaded at a current density of 60 mA/cm* in electrolytes of 0.1 M 
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LiOD stock solution to which suitable additions of deuterated sulphuric acid were 
made to adjust the pH to between 0 and 1.5. 

Figure 17 shows a significant effect on both loading rate and maximum loading 
level. More than 30 minutes were required to initiate any noticeable loading at a pH 
of 0.0. 

A comparison of the relative loading rates and maximum loading levels 
between hydrogen and deuterium in palladium is shown in Figures 18 and 19. At 
both high (Fig. 18) and low (Fig. 19) pH, the loading rate in the deuterated solution is 
faster than for the light-water electrolyte. This is in agreement with differences 
between well-established literature values for the diffusion coefficients of deuterium 
and hydrogen in palladium. The heavier isotope (deuterium) has a larger diffusion 
coefficient, which is anomalous and is explained by Emin et ai. (1979) as a 
combination of quantum and classical theories for the diffusion of light interstitials. 
Although the solubility of hydrogen is shown by Lewis (1967) to be larger than for 
deuterium at any given temperature, we have not been able to demonstrate a 
significant difference in maximum loading in our experiments. Perhaps at these high 
loading levels, the effect is small. 

Figures 20 and 21 show that the threshold current density may be larger than 
60 mA/cm2 when using light water. For electrolytes of both LiOH,and NaOH, loading at 
120 mNcm2 occurred faster than at 60 mNcm2. 

McBreen (1990) found that the cation had a small effect on the loading rate as 
determined from permeation experiments in palladium foils. The loading rate was 
enhanced in the presence of sodium compared to lithium-containing electrolytes. Our 
experiments with light water also indicate that the cation may influence the loading 
rate, but the effect is small, comparable with the resolution of the technique as shown 
in Figures 22 and 23 for current densities of 60 and 120 mAcm2, respectively. 

As discussed by Lewis (1967), temperature is known to affect the solubility of 
deuterium and hydrogen in palladium. It has been suggested by Pons (1990) and 
Scott et al. (1990) that excess heat is more readily observed at lower temperatures 
(typically 5°C). A comparison of loading experiments in 0.1 M LiOD at 20°C and 5°C is 
shown in Figure 24. The solubility of deuterium is not appreciably different. However, 
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the loading rate at 5°C is slower than at 20°C, which would be expected from the 
known temperature dependence on the diffusion coefficient. 

Several experiments were conducted for periods of time estimated to be long 
enough to observe the production of excess heat. The results of one such experiment 
are shown in Figures 25a and 25b for a 4-mm Pd cathode in 0.1 M LiOD at 60 mA/cm2. 
In Figure 25b, an apparent equilibrium loading of 0.76 was achieved in one day. 
However, as shown in Figure 25a, the loading ratio slowly drifted upwards, reaching a 
value of 0.84 at 29 days. This suggests that there may be a slow long-term increase in 
the loading ratio over prolonged periods of charging, but the increase may not be 
significant. However, in similar other experiments, we have observed some 
anomalous increases in the loading ratio even to values greater than one, after some 
undefined charging period. In Figure 26, a significant jump in loading up to 1.25 
occurred after 13 days. The loading dropped back to 0.82 during the 15th day 
because the cell polarity was reversed. No external trigger or stimulus was applied to 
this cell. In addition, as shown in Figures 27 to 29, loading levels of nearly greater 
than one have been achieved in a few experiments during the first day of charging. 
We have compared two of these experiments with more typical loading experiments in 
Figures 30 and 31. The loading curves have similar equilibration times, suggesting 
that the high loading is indeed attributable to the solution of deuterium in the 
palladium. A final loading value of one suggests that the loading value may be 
accurate because a value of one is a physically possible situation, corresponding to 
the filling of all the octahedral sites. Loading ratios higher than one are unlikely 
because the extra deuterons would have to go into the tetrahedral sites, or multiply 
occupy the octahedral sites; both situations being energetically unfavorable. In 
several experiments where a loading of one or greater was achieved, the palladium 
was made to anode in an attempt to unload the palladium completely. As shown in 
Fig. 26, it was not possible on the fifteenth day to unload the palladium to below a ratio 
of 0.8 with an anodic current density of 60 mA/m*. This is suggestive of a problem with 
the apparatus or method because other anodic unloading experiments (e.9. Fig. 8) 
were able to reduce the loading ratio to 0.2 or lower. 

In every experiment where the loading ratio attained a value of one, the 
electrolyte was tested for excess tritium. No increase over background was detected. 
This is also true for all the experiments reported in this study. 
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In a small number of experiments, a platinum wire psuedo-reference electrode 
was used to monitor the overpotential at the cathode. The cathode reference distance 
was approximately 1 cm and no Luggin probe was used. The results from a typical 
loading experiment are shown in Figure 32, where a loading ratio of 0.65 was 
achieved. No compensation was made for the IR drop. 

A small number of gas-phase loading experiments were attempted. In these 
experiments, a palladium rod was placed into the cell, which was evacuated and filled 
with deuterium gas as in the electrolysis experiments. No catalyst was placed in the 
cell headspace. Absorption of deuterium by the palladium was measured by the gas- 
volume decrease. The pressure in the cell was maintained at one atmosphere. 

In Figure 33, the results of two experiments are presented. A palladium rod in 
the as-received condition absorbed deuterium at a very slow rate. Palladising the 
palladium rod significantly increased the uptake of deuterium. 

Palladium black is a good catalyst for the disassociation of deuterium molecules 
and, thereby, provides a source of deuterium atoms that readily diffuse into the 
palladium. This is thus analogous to the situation during electrolysis. The palladium 
black also has a very large surface area and adsorption of deuterium onto the 
palladium black may explain why the loading ratio achieved a value greater than one. 

5. Discussion of Results 

A new volumetric technique for measuring the atomic loading ratio of deuterium 
in palladium during electrolysis has been developed, the advantages of which are that 
it is an in-situ direct method requiring no calibration. Control experiments have 
demonstrated that the method is stable over long periods and has an accuracy of 
better than 5%. 

It has been found difficult to achieve loading ratios greater than 0.85 by 
electrolysis under the conditions used by Pons and Fleischmann (1989). The use of 
electrolytes with higher electrolyte content and lower pH are described by Hoare and 
Schuldiner (1955) as causing higher loading ratios, up to one. In most of our 
experiments, we have not been able to achieve such loadings. 
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The solubility of deuterium in palladium is known to increase inversely with 
temperature. Loadings of one have been described in t; 3 scientific literature as 
pertaining to the superconductivity c oalladium-hydrogen alloys. It is well established 
experimentally and theoretically that the superconducting transition temperature is a 
function of the loading ratio. According to Burger et al. (1975), the maximum value of 
the critical temperature occurs at a loading ratio of one. Loading was achieved in their 
experiments with a combination of electrolysis at 20 mA/cm* in ethanolic acid 
solutions at -77C and high pressure. According to Baranowski (1990), at ambient 
temperature, extremely large pressures are required to achieve loadings of one. 
Indeed, studies using diamond anvils to create enormous pressures are just capable 
of achieving loadings of one at room temperature, according to Hemmes, et al. (1989). 
At the lowest temperatures used in this study (5"C), no significant increase in 
deuterium solubility would be expected. This was indeed the case. 

The diffusion coefficient for deuterium in palladium of 1.6 x cm2/sec, as 
given by Lewis (1967), can be used to make an estimate of the time needed to reach 
95% of deuterium saturation of the electrode. A time of approximately 3 hours is 
computed for a 1-mm diameter palladium electrode, with a current density above the 
threshold-value. This time can be compared with a typical experimental value of 
somewhat more than one hour. In Appendix 3, we estimate the diffusion coefficient to 
be 1.7 x 10-7 cm2/sec based on our experimental loading rate data. Thus, our results 
show that loading of the palladium is completed very quickly and that further long-term 
charging does not significantly increase the loading. Only in a few cases did the 
loading increase to a value of one or higher. We cannot be certain that this 
observation is correct without another simultaneous independent measurement of the 
loading, such as electrical resistance. A possible explanation for the one observed 
sudden jump in the loading level may be the removal of a poisoning oxide layer that is 
slowly cathodically removed. Upon its removal, deuterium uptake may be greatly 
enhanced. The sudden disappearance of oxide films, which are difficult to reduce, has 
been seen on other metals such as iron by Riley et al. (1988). 

In this study we have tried many of the well-known techniques for increasing the 
loading rate and loading level. None had a significant effect. These techniques may 
be more effective in the gas phase where there is not a plentiful supply of atomic 
deuterium. In electrolytic loading, the surface seems to be adequately supplied with 
deuterium atoms produced by electrolysis. 
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Many of the techniques that have been suggested to instigate cold fusion do not 
seem to be related to changes in the loading level. High values of current density do 
not seem to increase the loading level. Similarly, charging at low current densities has 
no effect on the loading level. Operation at lower temperatures (5°C) does not affect 
the loading level. We have not been able to establish any effect of heat treatment on 
the loading level and rate of loading. Because the effect of defects are significant only 
at low loadings (alpha phase), the presence of cold work is unlikely to lead to high 
loadings of one. 

Once loading is achieved, there may be few significant structural changes in the 
microstructure of the palladium. Hence, the long charging times which have been 
suggested as necessary by Pons and Fleischmann before the onset of cold fusion 
(much longer than the time required to load the palladium) do not seem consistent with 
loading data reported here. 

6. Conclusions 

1. A simple and reasonably accurate volumetric method has been devised for 
following the absorption of deuterium by palladium during the electrolysis of heavy- 
water electrolytes. 

2. The initial rate of absorption of deuterium depends upon the current density, 
up to a threshold value. Below the threshold, the rate of absorption, following an 
incubation period, is an appreciable percentage of the production rate computed by 
Faraday’s Law. Above the threshold value, the rate of absorption may be controlled by 
diffusion. 

3. The rate of absorption of deuterium also appears to be influenced to some 
degree by the pH and temperature. The rate is slower in strong-acid electrolyte and at 
lower tern pe ratu res. 

4. At current densities above the threshold value, the calculated diffusivity for 
deuterium in palladium agrees reasonably well with literature values. 

5. The saturation or equilibrium atomic loading ratio, D/Pd, is generally in the 
range of 0.65 to 0.85. The lowest levels occur in strong acid solutions and with 
annealed electrodes. 
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6. In most cases, prolonged electrolysis does not cause further increases in 
loading ratio. However, in a few cases, loading ratios of approximately 1.0 have been 
achieved, but the reasons for this are obscure. 
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Appendix 1. 

Error Analysis 

The loading ratio is the ratio of the number of moles of deuterium absorbed into 
the palladium to the number of moles of palladium. The error in estimating the moles 
of palladium is small (~0.5%) because each palladium cathode was weighed to an 
accuracy of 1 mg prior to the experiment and typically the palladium weighed 290 mg. 

The error in estimating the loading ratio due to the measurement of the moles of 
deuterium was determined as follows. The moles of deuterium was calculated using 
the ideal gas law, PV=nRT. The volume decrease in the system was assumed to be 
equal to the number of moles absorbed by the palladium. The gas in the headspace 
was assumed to be at a temperature of 23°C and the pressure was typically 645 
mmHg. The moles of deuterium absorbed in the palladium is given by 

D=-  2VP 
RT (Al-1) 

By the 
for the 

standard method of propagating errors, we can derive the following expression 
limit of error in D as a function of the estimated limits of error in pressure, PI 

temperature, TI and measured decrease in volume V. 

(A2-1) 

The limits of error on PI TI and V were estimated to be: 

h(P) = 2 mmHg = 267 Pa 

h(T) = 0.1 C = 0.1 K 

h(V) = 0.1 ml = 10-7 m3 

Taking T = 23 C = 296 K, P = 645 mmHg = 85972 Pascals, V = 30 ml = 30 x 10-6 m3, 
and R = 8.314 J/mole/K, the limit of error in the absorbed deuterium measurement is 
computed to be 1.39 x 10-5 moles of deuterium, determined mainly by the errors in 'be 
measurements of pressure and gas volume decrease. The number of mole;. of 
deuterium atoms absorbed is computed from Eq. (Al-1) to be 0.00209. 
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In a typical experiment, using a Pd cathode of 290 mg, the number of moles of 
Pd is 0.290/106.4 = 0.00273 moles. Thus, the atomic loading ratio is given by D/Pd = 

0.00209/0.00273 = 0.767. The limit of error of the loading ratio is given by: 

(A1 -3) 

Using, by example, the above values, h (D/Pd) is computed to be 0.0077 or a one 
percent error. 

In actuality the volume of the buret fluctuated with the room temperature by 
typically 0.5 ml. This increases the limit of error in the moles of deuterium to 4.19 x 10- 
5 moles in the above example. The corresponding limit of error in the loading ratio is 
increased to a 2.3% error. Accordingly, it is safe to say that the limiting error in the 
loading experiments was less then 5%. 
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Appendix 2 

Converting the Measured Volume Decrease to a Loading Ratio 

Every time a gas volume reading was taken, the room and bath temperature as 
well as the atmospheric pressure was recorded. These data were needed to correct 
for fluctuations in the internal equipment volume due to changes in the environment. 

The bath temperature in most experiments was kept as close 
temperature as possible at 23°C. The room temperature changed by 
maximum during the day and often the change was of the order of only 2°C. 

The volume of the equipment can be divided into three parts 

to room 
only 4°C 

the cell 
headspace (submerged in the bath at 23"C), the buret (at room temperature) and the 
connecting capillary tube (room temperature). Thus room temperature fluctuations 
affected only the buret and the connecting tube. The tube was made of a capillary to 
minimize the dead volume, which was determined to be 6 ml. 

The data were entered into a spreadsheet (Excel) containing the equations for 
converting the volume decrease into the loading ratio, as described in Appendix 1. 

However, the volume in the buret and dead volume were corrected for the 
difference between room temperature and the bath, normalized to the room 
temperature at the start of the experiment. The pressure in the system was corrected 
for water vapor partial pressure at the measured cell temperature. 
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Appendix 3 

Diffusion Coefficient for Deuterium in Palladium 

The uptake of deuterium in palladium should obey Fick’s Laws of diffusion. 
However, the task of fitting the loading data is complicated by the cylindrical geometry, 
the presence of two phases (with differing diffusion coefficients) and the existence of 
stress in the palladium causing non-Fickian behavior. 

A theoretical solution in terms of Bessel functions is available for the problem of 
radial diffusion in an infinitely long cylindrical rod under the assumptions of constant 
diffusivity and negligible resistance to mass transfer from the electrolyte to the surface 
of rod appears in many textbooks on heat transfer and diffusion phenomena. Fast 
(1965) derived an approximate solution which was used here with data from Figure 8 
on cathodic loading in a 1 mm wire in 0.1 M LiOD at 60 mA/cm*. 

The equation of Fast is: 

Log [C-Ce)/(Co-Ce)] = 0.1 60 - 2.51 2 tD/r* (A3-1) 

where 

C = space-mean (average) loading ratio as a function of time, t 

Co = initial loading ratio at t = 0 (assumed to be zero) 

Ce = equilibrium loading ratio 

r = radius of the cylindrical rod 

D = diffusion coefficient 

Equation (A3-1) is a good approximation to the theoretical relation for values of 
tD/r2 > 0.05763. 

An attempt was made to fit Equation (A3-1) to the data of Figure 8. However, as 
shown in Figure A3-1, the data for the cathodic charging curve does not plot as a 
straight line in terms of Log [C-Ce)/(C,-Ce)] versus time. Nevertheless, an attempt was 
made to do an approximate fit of the experimental data for the first 50 minutes, after 
discounting the first 10 minutes where the applicability of Equation (A3-1) is not 
recommended. The computed value of the diffusivity was 1.7 x 10-7 cm2/sec, which is 
close to the value of 1.6 x lO-7cm2/sec reported by Fast (1967). It should be pointed 
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out that literature diffusivity values are usually for thin foils of unknown metallurgical 
origin and are average values of the diffusivities for the a and f3 phases. 
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Appendix 4. 

Comparison of the Loading Rate with Faraday’s Law 

The fraction of the deuterium produced at :he cathode, which enters the 
palladium during charging, can be calculated from the loading data in the following 
manner. The total amount of deuterium produced is calculated using Faraday’s Law. 
This is then compared directly with the number of moles of deuterium in the palladium, 
as calculated from the gas-volume decrease in the buret. This is shown in Figures A4- 
1 and A4-2 using the data in Figure 9 at representative current densities of 4 and 30 
mA/cm*. It is useful to compare the ratio of the rate of absorption of deuterium into the 
palladium with the rate at which the deuterium is produced. Hence derivatives of the 
curves shown in Figures A4-1 and A4-2 were determined to obtain those ratios. The 
values obtained are as follows in terms of percentages: 

4mA/cm2 

30 mA/cm2 

76% (0 to 100 minutes) 
43% (200 to 400 minutes) 
48% (50 to 200 minutes) 

In the case of the 4mA/cm2 charging rate, two values are given because the 
absorption rate was initially fast, but not all the deuterium produced was absorbed by 
the palladium. After 100 minutes, only 43% of the deuterium produced was absorbed 
until loading was complete. At higher current densities, incubation periods were 
observed where little or no deuterium was initially absorbed. For example, for 30 
mA/cm2, as shown in Figure A4-2 appreciable absorption of deuterium did not occur 
until after 50 minutes, following which almost 50 percent of the deuterium produced 
was absorbed by the palladium until loading was complete. 
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Summary 

The use of heat-conduction calorimeters, which utilize a thermo-electric device 
to monitor the heat output, was studied for the electrolysis of heavy water with a 
palladium cathode at relatively low power inputs of less than two watts. Experiments 
were run with both a paired calorimeter arrangement designed by Hart Scientific and 
singly operated calorimeters. Calibrations of the calorimeters, made with both light- 
water electrolysis and internal resistance heaters, were in excellent agreement and 
were linear and almost independent of temperature over a 20C temperature range. 
Results of computerized experiments gave energy balances in the range of 97 to 
loo%, with somewhat better agreement being obtained with paired cell, which could 
better account for fluctuations in the environment. In a 31 -day experiment, anomalous 
excess heat of up to 10% was observed during an event that lasted about 100 
minutes. However, this event was not accompanied by any excess tritium over 
background. Heat conduction calorimeters appear to be excellent devices for power 
input levels of up to a few watts. 

Acknowledgement 

Funding for the research discussed in this report was provided by the State of 
Utah as part of a 1989 grant to the National Cold Fusion Institute. 

1. Introduction 

Due to our lack of significant success in observing excess heat at relatively 
high input power using flow calorimeters (Riley et al. 1990a) and a Seebeck 
calorimeter (Riley et al. 1990b) a new type of calorimeter was developed in 
conjunction with Hart Scientific of Pleasant Grove, Utah, to attempt measurements on 
electrolytic cells at relatively low input powers of less than 2 Watts with a resolution of 
1 mW. Fleischmann et al. (1989, 1990) claim to have regularly made measurements 
at this level, but it was deemed desirable to use an alternative type calorimeter that 
was not subject to certain problems associated with the Newton’s-law-of-cooling 
approach, including uncertainty of temperature distribution within the cell, effect of 
varying electrolyte level, and difficulty and uncertainty of calibration. In addition, we 
preferred to use closed cells with internal recombination to simplify the energy balance 
and, therefore, the determination of any anomalous heat. 
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Other important design criteria were low fabrication cost and simplicity in order 
to run a large number of experiments simultaneously. We also attempted to minimize 
the time constant of the calorimeter in order to resolve heat transients. Thus, the mass 
of the calorimeter was kept as small as possible and the use of extra thermal shields 
(concentric metal containers) was avoided to improve the rate of heat transfer and 
reduce the time required to reach equilibrium. 

2. Experimental Procedure 

A diagram of a typical heat-conduction calorimeter is shown in Figure 1. The 
inner aluminum container serves to integrate all the heat output from the electrolytic 
cell. The major heat path to the outer aluminum container, which is held at a constant 
temperature with a surrounding water bath, is through a thermo-electric device, which 
produces a voltage output proportional to the heat transfer rate, through the device. A 
thermal compound is used to provide good thermal contact between the thermo- 
electric device and the two aluminum containers. Heat transfer is primarily by 
conduction through the thermo-electric device; radiation between the inner and outer 
aluminum sleeves is minimal. Convection is also assumed to play a negligible role in 
heat transfer at low input powers. 

In the initial Hart Scientific prototype, two calorimeters were employed, 
operating as a pair; one contained the electrolytic cell and the other was empty. The 
empty one was used as a reference and served to eliminate the effect of any external 
temperature fluctuations. The electrical signals from the two calorimeters were 
differenced electrically and the result was measured by the data acquisition system 
and a chart recorder. The outer aluminum container was anodized black on the inside 
and the outside. Three other cells of a similar design were constructed and operated 
singly. A fourth calorimeter was a scaled-down version in an attempt to reduce the 
time constant of the calorimeter. 

The electrolytic cells, which were designed to fit tightly inside the inner 
aluminum container of the calorimeters, contained the same arrangement of anode 
and cathode used in earlier experiments with the flow calorimeters and the Seebeck 
calorimeter. Initial experiments were conducted with open cells, primarily to use the 
Joule heating from electrolysis as a method of calibration. However, most of the 
subsequent experiments were carried out with the closed-cell configuration. Sufficient 
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catalyst (a combination of Prototech PSN fuel-cell electrode and platinum-coz 
alumina beads) was added to ensure 100% internal recombination, which was 
checked by observing the absence of bubbling at the gas exit. Each anode was a 
cylindrical piece of platinum mesh (Aldrich, size 50), which was positioned 
concentrically around the cathode. The palladium cathodes were spot welded to a 
piece of platinum wire (0.5mm diameter). All connecting wires to the anode and 
cathode were sealed into glass tubes. However, the spot weld between the platinum 
wire and the palladium cathode, which was cleaned in nitric acid to remove 
contamination, was exposed to the electrolyte. Cell temperature was monitored with a 
platinum-resistance thermometer (RTD) An internal electrical resistance heater was 
mounted in the cell and used for on-line calibrations of the cell constant. In the 
prototype calorimeter from Hart Scientific, an additional electrical resistance heater 
was placed in the inner aluminum sleeve. 

All voltages are measured with a Keithley 709 scanner and 199 multimeter. A 
Maclntosh Ilx computer was used for data acquisition with a software package called 
Workbench, which was purchased from Omega Engineering. Electrical current was 
measured by means of 1 ohm precision current-measuring resistors (10 Watt, 0.5%). 
Readings were regularly checked with a highly accurate Keithley 61 9 Electrometer. 
The calorimeters were immersed up to the cell lids in a water bath (Forma Scientific 
7025) controlled at a constant temperature of 22 C (k0.02 C). 

Palladium cathodes (1.5 cm long) were made, cut from 1 mm diameter wire 
supplied by Johnson & Matthey (99.995% purity) and Hoover and Strong (purity 
unknown). 

The electrolytes were made using heavy water from Cambridge Isotopes 
Limited. Lithium metal (natural grade, Li6 content unknown) from the Lithium 
Corporation was added to the heavy water to make 0.1M LiOD. In several 
experiments, deuterated sulfuric acid was added to bring the pH to 1.7. 

Electrolyte solutions were analyzed for tritium content at the end of the 
experiments using a Beckman scintillation counter. Control samples of the original 
solutions were also analyzed. The cathodes were made anodic at 30mAkrn2 for 
several hours before terminating the experiment to oxidize the outgassing deuterium. 
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In addition, it was possible to incorporate a new in-situ volumetric method for 
determining the amount of loading of the palladium with deuterium. This method, 
which is described by Riley et ai. ( 1 9 9 0 ~ ) ~  has the advantage that it can be used during 
an actual calorimetric experiment. 

3. Results Using Hart Prototype Calorimeter 

Calibration of the Hart Scientific prototype calorimeter was carried out using the 
internal electrical resistance heater. In addition, joule heating from the electrolysis of 
light water was used to simulate conditions in an actual experiment. Table 1 lists the 
results of calibrations of the Hart calorimeter at bath temperatures of 20.5 C and 2.7 C 
using the electrical-resistance heater and lig ht-water electrolysis. These data are 
presented graphically in Figures 2a-2e. For both light-water calibration (Fig. 2a) and 
electrical-resistance-heater calibration (Fig. 2c), calorimeter output is seen to be a 
strong linear function of input power. In these initial calibrations, using relatively small 
versions of the electrolytic cells, the cell constant at 20.5 C is 8.715 in Fig 2a and 8.560 
in Fig. 2c (a difference of only 1.5./,). Using the taller final versions of the electrolytic 
cells, the cell constants differed by less than 0.5% (Figs. 2c and 2d) from the resistance 
heater. Lowering the bath temperature to 2.7 C increased the cell constant by less 
than 1.5%. As shown in Fig. 2b, cell electrolyte temperature increased almost linearly 
with power input. 

As part of the calibration, heavy-water electrolysis in an open-cell configuration 
was carried out at a bath temperature of 20.5 C in 0.1M LiOD with a 1 mm-diameter 
palladium wire cathode, 1.5 cm long. During the entire experiment, shown in Figs. 3a- 
3f, the calorimeter was in power balance to better than 1% over a range of input 
powers of 0.2 to 5 watts. 

These calibration results demonstrate that the cell constant is essentially 
independent of input power in the range of 0-2 watts. The cell constant is almost 
independent of the shape and size of the electrolytic cell. This indicates that the 
aluminum sleeves are performing well in integrating the heat output. In addition, the 
cell constant does not change appreciably with temperature in the range of bath 
temperature from 2.7 to 20.5 C. 
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Table 1 .  
Calibration data for Hart Prototype Calorimeter 

(a) Calibration with light-water electrolysis, short cell, 20.5 C bath. 
Power input, Calorimeter output, Ce II Tempe ratu re, 
watts volts c 
0.136 
0.531 
1.023 
1.449 
1.860 
0.109 
0.050 

0.02089 
0.061 63 
0.1 1742 
0.16963 
0.21 459 
0.01 299 
0.00621 

23.26 
25.70 
29.02 
32.15 
34.40 
22.83 
22.41 

(b) Calibration with resistance heater, short cell, 20.5 C bath. 
Power input, Calorimeter output, Ce II Temperature, 

watts volts c 
0.375 
0.703 
2.058 

0.044258 
0.08336 
0.241 124 

22.99 
23.78 
27.57 

(c) Calibration with resistance heater, tall cell, 20.5 C bath 
Power input, Calorimeter output, Cell Temperature, 

watts volts c 
0.667 
1.41 4 
2.072 
0.097 
1 .loo 
0.449 
0.080 

0.07784 
0.1 5990 
0.23870 
0.01 067 
0.1 2553 
0.0531 0 
0.01 000 

(d) Calibration with resistance heater, tall cell, 2.7 C bath 

Power input, Calorimeter output, 
watts volts 

0.134 
0.499 
0.977 
0.245 
0.650 

0.01 672 
0.05797 
0.1 1149 
0.02931 
C 07529 

25.97 
30.05 
33.79 
22.06 
27.66 
24.1 5 
22.24 
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A definitive test of the calibration and the performance of the calorimeters is the 
null result, shown in Fig. 4, from a closed-cell electrolysis using palladium (1 mm 
diameter by 1.5 cm) and 0.1 M LiOD. The current density was changed from 64 to 500 
mA/cm2 during the 90-hour period of the test. The lack of any bubbling from the gas 
exit was proof of the closed operation of the cell. 

The long-term stability of the calorimeter with a closed electrolysis cell was 
excellent. One experiment ran for 31 days and was always in power balance to better 
than 1%. In this experiment, the cell was charged at 64 mA/cm2for 9 days in 0.1M 
LiOD at a bath temperature of 22 C. After the prescribed charging period, the current 
density was increased by factors of two with periods of several days between 
increases. Complete conditions of this test are given in Table 2. 

On day 6 of this 31-day experiment, a small event was observed which lasted 
about 100 minutes. The data recorded during this event are shown in Figs. 5a-5g. 
The maximum heat output was 10% greater than the power input, as shown in Fig. 5a, 
with an input power of 173 mW as shown in Fig. 5b. The total excess energy 
corresponded to 41 Joules. The calorimeter had been operating at 98.5% efficiency 
for the previous five days and it returned to this value after the event. The efficiency at 
no time immediately before and after the event dropped below 98%. An independent 
measure of this production of excess heat is the small temperature rise in the cell as 
registered by the resistance thermometer in the electrolyte, as shown in Fig. 5e. The 
current was absolutely stable during the entire event, as shown in Fig 5f. The voltage, 
shown in Fig. 5g, exhibited only the small one percent voltage noise associated with 
off-gassing that was present from the start of the experiment. No other events were 
detected during the 31 days of the experiment. Analysis of the electrolyte after the 
experiment showed no increase in the tritium content over background in a control 
sample of the 0.1 M LiOD. A possible explanation for the energy excess is a temporary 
malfunction of the internal catalyst in which the headspace stoichiometric mixture gas 
of oxygen and deuterium was combined suddenly to release energy of chemical 
reaction. However, this scenario would require an energy deficit after the event, as the 
headspace gases are replenished. This was not observed. The small size of this 
event compared to events observed by Fleischmann et al. (1 989, 1990) and the lack of 
any detectable nuclear products suggest an unknown chemical, rather than nuclear, 
origin. 

2-208 



Power out/Power In 

F= 
i r I 
L 

I I I 

c 9 2 x 2 8 N. 
c 

0 
' 0  
r 

.o 
OD 

.o 
CD 

Q) 

3 
0 

L. 

f 
E 

' 0  

e 

E 
0 .- U 

3 
CD 
i= 
c 

6 u 

0 

0 
u 
% - 
d 
0 
12 
E, z z  

.- 

0 
.f e 

2-209 



Day of Cell voltage 
operation volts 

1 3.654 
2 3.782 
3 3.872 
4 3.876 
5 3.89 
8 3.796 
9 4.06 
10  4.655 
1 1  4.678 
12  4.679 
15 4.756 
16  4.726 
17 4.82 
18  4.842 
19 4.799 
2 2  4.814 
2 3  5.221 
24 6.813 
25  6.674 
2 6  7.646 
2 9  7.667 
3 0  4.472 
3 1  5.028 

Cell currenl 
Amps 

0.043 
0.043 
0.042 
0.042 
0.042 
0.043 
0.045 
0.07 
0.07 

0.071 
0.071 
0.072 
0.072 
0.071 
0.071 
0.072 
0.072 
0.128 
0.129 
0.1 3 

0.129 
0.027 
0.027 

TEC C#P 
volts 

0.01 8634 
0.01853 
0.01 8977 
0.01 9078 
0.01 8946 
0.021 03 
0.020984 
0.03 7455 
0.03730 1 
0.038326 

0.0386 
0.038681 
0.038683 
0.038545 
0.038785 
0.039408 
0.043559 
0.09664 
0.0969 

0.1 1029 
0.1 119 

0.01555 
0.01 7026 

Cell Temp 
C 

23.31 
22.69 
22.75 
22.78 
22.79 
22.89 
22.98 
24.02 
23.98 
24.06 
24.1 1 
24.12 
24.14 
24.15 
24.15 
24.19 
13.96 
17.44 
17.49 
11.42 
11.72 
4.13 
4 .03  

Power out 
Walls 
0.158 
0.158 
0.161 
0.162 
0.161 
0.171 
0.179 
0.323 
0.322 
0.331 
0.333 
0.334 
0.334 
0.333 
0.335 
0.34 
0.376 
0.841 
0.848 
0.979 
0.974 
0.131 
0.144 

Power in 
Watts 
0.158 
0.1 6 

0.163 
0.163 
0.163 
0.1 73 
0.181 
0.326 
0.326 
0.333 
0.336 
0.335 
0.337 
0.335 
0.336 
0.341 
0.375 
0.845 
0.843 
0.96 

0.986 
0.1 24 
0.138 

Wout/Win 

1 
0.982 
0.988 
0.993 
0.989 
0.993 
0.99 
0 .99  

0 .986 
0.992 
0.991 
0.997 
0.991 
0.993 
0.996 
0.997 
1.004 
0 .995.  
0.994 
0.982 
0.988 
1.06 
1.047 

Integrated Integrated Bath temp 
Win/Joules WouUJoules C 

13440 
13400 
14560 
43420 
15390 
25720 
27390 
30720 
83360 
27820 
19970 
32260 
27280 
86810 
31440 
72890 
143500 
251300 
394500 
415700 
424100 

13340  
13500  
14470 
42960 
15220 
25370 
27050 
30560 
83140 
27650 
19850 
32090  
27160 
86750 
32820  
71  940 
142900 
250000 
391800 
414700 
423600 

2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
1 0  
1 0  
1 0  
5 
3 
3 
3 
3 

Summary of experimental data from long term experiment. 
(0.1M LiOD, palladium cathode, Imm diameter ) 
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During the 10 days of this experiment, the bath temperature was lowered to 10 
C and then to 2.7 C. After allowing the calorimeter to come to equilibrium (3 hours) the 
power balance was 98%, slightly lower than its previous average stable value at 22 C 
of 99.5%. As shown in Table 2, the total integrated heat output (423600 joules) was 
99.88% of the total integrated power input for the total 31-day experiment. Note that 
the 41 Joules of excess beat observed in the event of the sixth day is only 0.01 o/o of 
the total integrated heat output. 

During trial experiments using palladium cathodes, it was noticed that during 
the initial charging period, there was a small peak in the output of the calorimeter 
corresponding to a period of excess heat before the calorimeter reached equilibrium 
and a power balance. It was postulated that the response of the differential 
calorimeter might in some way cause an apparent burst of excess energy. To test this, 
an identical experiment was conducted using a platinum wire, in place of the 
palladium wire, for a cathode. The applied current was the same as with the palladium 
cathodes to achieve, if possible, an identical power input. No peak in the calorimeter 
output was observed as shown in Figs. 6a-6c. An alternative explanation is that this 
excess energy is the heat of solution of deuterium in palladium. The heat of solution of 
hydrogen in alpha palladium is 9280 calories/mole of H2. Assuming this value to be 
the same for deuterium and assuming a loading ratio of 0.6, the heat of solution for a 
palladium cathode of 0.2331 grams is 25 Joules. Typically, the energy in the peak is 
14 Joules. It is known that the heat of solution is a function of the deuterium content of 
the palladium, which may help to explain the discrepancy between the two values. 

4. Results Using Singly Operated Calorimeters 

The singly operated calorimeters were of a similar design to the Hart prototype. 
However, the external aluminum sleeve was a single piece of metal with the center 
milled out. This was to prevent the entry of water from the bath, a problem that 
occasionally occurred with the Hart prototype. Both inner and outer aluminum sleeves 
were left with the original metal finish. The electrolytic cells placed in the calorimeters 
were identical designs to those used in the Hart prototype. The calorimeters were 
placed in an insulated container through which thermostated bath water (20.5 C) was 
circulated. The bath temperature was very stable and did not change by more than 0.1 
C. 
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Three singly operated calorimeters were calibrated using internal electrical- 
resistance heaters placed in the electrolyte. The calibration results are given in Table 
3 and Figures 7a-7c. The cell constants differed, but each was independent of input 
power over the range of 0 to almost 1.5 watts. 

As summarized in Table 4, six experiments were run using four of these singly 
operated calorimeters. No excess heat was observed in any of the experiments. 
Power balances were at least 97% in all the experiments except for one experiment 
with a fourth calorimeter for which the balance was only 94%. The loading of 
deuterium in palladium was measured on-line in several experiments with the in-situ 
volumetric technique described by Riley et at. (1990 c). The average loading ratio was 
0.8, which is in agreement with previous results. The loading ratio did not change over 
the duration of the experiments. No excess tritium was found in any of the solutions 
examined at the end of the experiments. 

The singly operated calorimeters were more susceptible to temperature 
fluctuations in the external environment than the Hart prototype. This was in great part 
due to the lack of a reference calorimeter. Only one reference calorimeter would be 
required for a set of identical calorimeters placed in the same water bath. Heat 
transfer through the calorimeter lids and connecting wires is the primary cause of the 
temperature fluctuations. This could be minimized by insulation. 

5. Conclusions 

This study demonstrated that it is possible to build relatively inexpensive 
(approximately $1 50) heat-conduction calorimeters that have all the attributes 
necessary to provide accurate data. These devices have exceptional long-term 
stability and possess the required accuracy (1 mW) at relatively low levels of heat input 
(e2 Watts). The time response is reasonable with equilibrium being reached in 2 
hours. With the exception of one small episode, experiments with these calorimeters 
failed to show excess heat within the resolution of the calorimeters for run durations of 
up to 36 days. As with all of the other calorimeters studied to date, the major limitation 
is lack of control of electrolyte temperature. 
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Table 3. 
Calibration data for singly operated calorimeters 

using resistance heaters with 20.5 C bath. 

(a) Cell 1 
. .Power input, Calorimeter output, 

watts volts 

0.028 0.00270 
0.128 0.01 150 
0.470 0.041 50 
0.807 0.071 40 

(b) Cell 2 
Power input, Calorimeter output, 
watts volts 

0.209 
0.495 
1.351 
0.867 
0.100 
0.049 

(c) Cell 3 

Power input, 
watts 

0.822 
0.095 
0.047 
0.271 
1.300 
0.444 

0.02780 
0.06360 
0.1 7050 
0.1 0830 
0.01 260 
0.00630 

Calorimeter output, 
volts 

0.1 0480 
0.01 260 
0.00620 
0.03570 
0.1 6220 
0.05690 
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Table 4. 

Summary of experiments using singly operated calorimeters. 

Current Density Days of Average Power Loading Excess 
W C a t h o d e  C a t h o d e T r e a t m e n t S o l u t i o n Z L ( 3 r w r a t l o n b a l a n c e  m.tauEwm 

1 Pd lmm diam As-received pH=l.7 64-128-250 36 98% NO 
2 Pd 1 mm diam As-received 0.1 M LiOD 64 13 99% 0.8 NO 
3 Pd 2mm diam As-received 0.1 M LiOD 64 13 96% NO 
4 Pd 1 mm diam Etched Aqua-regia 0.1 M LiOD 64 15 94% 0.75 NO 
2 Pd 2mm diam As-received 0.1 M LiOD 64 12 97% 0.85 NO 
3 Pd 1 mm diam Etched Aqua-regia 0.1 M LiOD 64 12 97% 0.85 NO 
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Summary 

An improved heat-flow calorimeter for cold fusion studies was developed and 
calibrated with a resistance heater for two different electrolyte levels. Heat generated 
in the cell is caused to flow through an inner aluminum sleeve that surrounds the cell, 
through insulation, and then to an outer aluminum block that is immersed in a water 
bath. By measuring temperatures in the aluminum sleeve and block with thermistors, 
the rate of heat flow can be determined as the product of the temperature difference 
between the sleeve and the block and a cell constant determined by calibration. The 
cell constant was found to be almost independent of the electrolyte level. Further 
experiments under heavy-water electrolysis and with internal recombination are 
needed, together with a computer model, to determine if the dynamic response of the 
calorimeter is adequate to permit detection of small amounts of anomalous excess 
heat. 

. 
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1 .  Introduction 

The need for large numbers of small, relatively inexpensive low-power 
calorimeters is very desirable for research on cold fusion. The original calorimeter 
design by Fleischmann et al. (1989, 1990) was simple and met the objectives stated 
above. However, several assumptions, crucial to the accurate estimation of the heat 
produced inside the calorimeter, were necessary to process the data and the 
calibration techniques employed were subjected to much criticism. In particular, it was 
necessary to assume that the electrolyte in the cell is “well stirred” so as to eliminate 
temperature gradients. The operation of the cell in an “open” mode leads to continual 
changes in the electrolyte level and subsequent changes in the heat transfer 
coefficient. Heat loss through the cell top is generally not considered, although it is 
implicitly included during the calibration of the cell. Operation at bath temperatures 
above room temperature can lead to a significant heat loss through the lid, causing a 
conservative estimate of the heat production. At lower bath temperatures, there can be 
a heat flow into the cell driven by a temperature difference (cell-room temperature 
difference) that is not the same as that usually considered (bath-cell temperature 
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difference). This can lead to a heat input that can be large and may appear as excess 
heat. 

In such a heat-flow calorimeter, heat flows from the cell to a heat sink (bath) 
maintained at a constant temperature. At equilibrium, a temperature difference exists 
between the cell and the bath. The rate of heat output is given by the product of this 
temperature difference, the effective area for heat transfer, and an overall heat transfer 
coefficient. If the heat transfer coefficient and heat transfer area are well known, then 
the heat output can be determined. Generally the product of the coefficient and the 
area (UA) is determined by calibration. There has been much discussion as to 
whether the heat transfer coefficient can be accurately determined and whether it can 
be assumed constant over a long period. Experiments by General Electric Company 
(as reported at a meeting held at the NCFI) suggested that UA could vary by 15%. 
Mixing in the cell, as shown by dye measurements, does not preclude the existence of 
temperature gradients in the cell. We have observed gradients of several degrees C 
in typical cells. If temperature excursions are large, as claimed to have been observed 
by Fleischmann et al. (1989, 1990), then the above-mentioned effects are not 
important and there is no need for a precision calorimeter. However, experiments 
reported by most other investigators seem to show small levels of excess heat (~20%)  
and often with small input powers. In those cases, the accuracy of the calorimetry is 
very important. 

Because funding and support for cold fusion depends on being able to provide 
convincing proof to the outside scientific community and grant-awarding bodies of 
excess heat, it appears to be important to design and build an improved calorimeter 
that would not only be simple and relatively inexpensive but would be free of the 
criticisms mentioned above. We are not claiming that the original experiments on cold 
fusion are flawed, as stated by the DOE, but excess heat will have to be demonstrated 
in alternative calorimeters by other investigators before cold fusion will be considered 
proved. 

The project described here was begun in January 1990 and was stimulated by 
conversations with Dr. D. E. Williams of Harwell labs in England, who had used 
several calorimeters of differing design. This project was begun before work on a 
similar-type calorimeter, as reported by Gur et al (1990) of Stanford University became 
public knowledge. 
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2. Experimental Procedure 

A schematic of the calorimeter is shown in Figure 1. A large block of aluminum, 
5 inches in diameter and 9 inches long, had a hole 1.25 inches in diameter and 7.5 
inches deep bored in from one end down the middle. This block was lowered into a 
water bath whose temperature was kept at 20 C (k 0.02 C). A glass electrolysis cell , 
containing the cathode, anode, and electrolyte was placed inside an inner aluminum 
sleeve. Around this sleeve was another sleeve of a thermally insulating material, 
selected from several different types of material including closed-cell foam, mastic, and 
waterproof paper. The different thermal properties of these insulating sleeve materials 
enabled us to tailor the equilibrium temperature difference across the cell and 
provided necessary flexibility in preventing the cell temperature from rising too high. A 
mixture of aluminum powder and silicone paste was used to provide good thermal 
contact between the cell, the sleeves, and the outer aluminum block. Thermistors were 
placed at locations in the inner aluminum sleeve, as shown in Figure 2, and one was 
placed in the outer block. The thermistors were ultrastable probes purchased from 
Thermometrics Inc. They came precalibrated at 0.5 C intervals over the range of 0 to 
100 C. The resistance of the thermistors was measured with a Keithley 199 scanner 
and the temperature was then computed from a thermistor calibration curve derived 
from the precalibration data. Heat for calibrating the cell was supplied by an electrical 
resistance heater (2x1 00 ohm resistors in a sealed glass tube containing silicone oil). 
The top of the cell was covered with insulating foam. 

During calibration of the calorimeter, the uniformity of the temperature 
distribution within the aluminum inner sleeve for each power input level is monitored 
using the four thermistor probes. It is important that the temperature distribution within 
this inner sleeve remain uniform. If the thermal integrating capability of the inner 
sleeve is exceeded, then the cell constant may fluctuate due to variation in the total 
heat flux from the inner sleeve to the outer aluminum block. Finite-element 
computations can be used to simulate the equilibrium temperature profile of the 
calorimeter to optimize the design for dynamic response. The rate of heat transfer is 
determined from the difference in temperature between the inner aluminum sleeve 
and the outer aluminum block, between which the main heat transfer mechanism is 
conduction. Calibration in terms of a conduction resistance is considerably more 
certain than one in terms of convection and radiation. 
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3. Results 

Calorimeter calibration experiments were conducted for each of the two 
different cell liquid levels shown in Figure 1. The results of these experiments are 
shown in Figures 3 and 4. For both experiments, the temperature difference was a 
desirable linear function of power input, as shown in Figures 3a and 4a. However, the 
temperature differences depended somewhat on the inner-sleeve thermistor location. 
The cell constant is simply the slope of the line drawn through the data points. The 
results of linear-regression fits to these data are given in Table 1. As seen, the 
solution level in the cell had only a small influence on the cell constant. 

The aluminum block temperature was not constant during the experiments, 
changing by 0.2 C as shown in Figures 3b and 4b. More thermistors should be placed 
in the outer block to determine the temperature distribution within it. 

The mean average cell constant in Experiment 1 is 0.3618 C/watt (from Table 
1). At the 50 mm liquid level, the temperature distribution and, hence, the cell 
constants as measured by the four thermistors are close, varying by less than 2%. 

In Experiment 2, there is a somewhat greater variation in the cell constants. 
Thermistors 1 and 2 produced a similar cell constant (average 0.3724), which is 
slightly different from thermistors 3 and 4, which average 0.3548. The mean cell 
constant of all 4 thermistors is 0.3636, which is very close to the value obtained in 
Experiment 1. 

The time response of the calorimeter was reasonable, with a response time 
(half life) of approximately 12 minutes. As shown in Figure 5, equilibrium was reached 
in 1.5 hours. 
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Note: 

Table 1. 
Results of linear regression analysis of calibration data 

y = power input 
x= te m pe rat u re difference 

Experiment 1 

T1 y = 0.36491 x + 1.2639e-2 
T2 y = 0.36257 x + 1.5037e-2 
T3 y = 0.35745 x + 2.4553e-2 
T4 y = 0.36238 x - i.5908e-2 

average = 0.361 8 Watts/C 

Exoeriment 2 

T1 y = 0.37335 x - 6.9846e-3 
T2 y = 0.371 50 x - 3.6487e-3 
T3 y = 0.35386 x - i.8334e-3 
T4 y = 0.35587 x - a.ao4ie-3 

average = 0.3636 WattsIC 

e-2 means times 10-2 
e-3 means times 10-3 
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4. Conclusions 

The technique of using a thermal conducting inner aluminum sleeve to integrate 
the power output of a calorimeter is promising. The cell constant is stable (less than a 
2% deviation) over the power range tested (0-6 watts) and extremely linear with power 
input (variation less than 0.1%). Liquid level in the cell does significantly affect the 
temperature distribution in the inner aluminum sleeve and, hence, the individually 
measured cell constants. However, the average cell constant does not change by 
more than 0.5%. 

The use of a thermally conducting sleeve is a simple and relatively inexpensive 
method for producing calorimetric data free of the criticisms leveled at the original type 
of calorimeters used by Fleischmann et al. (1 989, 1990). However, more experiments 
need to be carried out to assess the magnitude of temperature distributions within the 
sleeve and the block and to compare these measurements with a computer model. 
Further experiments should use the Joule heating of an open electrolysis experiment 
as the heat source. A closed cell should then be tested. This is a different situation 
than that considered in the study reported here because there would then be two heat 
sources within the cell, one in the electrolyte and one at the recombination catalyst in 
the headspace of the cell. In addition, the catalyst is not well thermally coupled to the 
glass walls of the cell. This should lower the time response and possibly affect the cell 
constant by creating a fluctuating heat path to the inner sleeve. 
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Summary 

The effect of current density, bath temperature, and palladium cathode surface 
treatment on the production of tritium was studied for 30 experiments in small 
electrolytic cells. Each cell contained 20 ml of 0.1 M LiOD. Experiment durations 
averaged one month. In no experiment was any excess tritium, above background, 
observed. 

Acknowledgement 
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Utah as part of a 1989 grant to the National Cold Fusion Institute. 

1. Introduction 

A large number of potential variables may influence the onset and magnitude of 
the cold fusion phenomenon observed first by Fleischmann et al. (1989). Thus, the 
search for excess heat can require large numbers of accurate and expensive 
calorimeters. This makes it difficult to conduct sufficient experiments to examine the 
phenomena, especially since long times are required to “charge” the palladium 
cathodes. An alternative approach is to monitor small electrolytic cells solely for 
excess tritium. This assumes that tritum is a nuclear by-product of the cold fusion 
process, but does not make any assumption concerning the branching ratio and the 
quantity of tritium produced per watt of excess heat. It has been postulated, but not 
demonstrated, that a high loading of deuterium is necessary for cold fusion. In the 
study reported here, large numbers of simple electrolytic cells, which are easily and 
cheaply constructed, were used to screen many of the variables that are mentioned in 
the literature and known to affect the deuterium uptake in the palladium. 

2. Experimental Method 

Typically, palladium wire (Johnson-Matthey 99.99%) of 1 mm in diameter was 
used as the cathodes in these experiments, in the as-received condition unless 
otherwise stated. The palladium wires were spot welded onto a platinum lead-in wire 
and placed in a conventional electrolytic cell with a platinum or platinum-coated 
niobium gauze anode, as shown in Figure 1. The cell was sealed, but the electrolytic 
off-gases were allowed to escape, via a plastic tube, to a recombination bottle 
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consisting of a scintillation vial containing a small piece of Prototech type PSN fuel cell 
electrode (10% Pt,90% C on a silver-plated nickel screen). The electrolyte used in 
each experiment was approximately 20 ml of 0.1M LiOD, made with heavy water 
(99.9%) from Cambridge lsotopies Ltd. Lithium metal (Li6 content unknown) from 
Lithium Corporation was added to the heavy water to bring the solution to the required 
strength. Electrolysis. was carried out under constant-current conditions. Every day 
the cell solution was topped up to a marked level with fresh heavy water. A sample of 
electrolyte (initially 1 ml, then 0.2 ml) was withdrawn through a rubber septum. 
Electrolyte was then added to again bring the solution to the desired level. This 
procedure ensured that the ionic strength of the solution did not change during the 
experiment. This was checked by periodically testing the pH. The electrolyte samples 
were analyzed for tritium in a Beckman LS5000TB scintillation counter. All the cells 
were kept in a water bath. The length of the cathode wire in the solution was 3.8 cm 
and hence had an area of 1.2 cm*. The temperature of the water bath was changed 
from 20 to 16 to 8 and to 4 C in different experiments to study the effect of temperature. 
The current density was kept at 50 approximately mA/cm2 in most cases except during 
experiments to observe the effect of higher current density, when it was increased to 
150 and 200 mA/cm2. All cells were operated continuously. 

3. Results and Conclusions 

As summarized in Table 1, experiments were conducted with 30 small cells, 
with Experiment durations varying from 9 to 61 days. The average duration was 31 
days. All cathodes were 1 mm diameter J-M palladium except for experiments 8 and 
13 which used 0.5 mm diameter wire. In Experiments 11, 13-16, and 18-22, the 
cathodes received special treatment prior to electrolysis. Cathode treatments denoted 
by Virkar T1 to T7 were special coatings prepared by Prof. Virkar of the Department of 
Materials Science and Engineering. Current density for each Experiment was 
maintained constant, but a range from 50 to 200 mA/cm2 was studied. Bath 
temperature was also maintained constant for each experiment, but a range of 4 to 20 
C was studied. In Experiment 17, a nickel anode was used. 

The normal tritium background in the heavy water used is approximately 40 
dpm/cc. The error in the analysis on a day-to-day basis was 5 to 10 dpm/cc or up to 
25% at this low level of measurement. In the initial part of the study, the background 
count due to machine offsets and counts from the vials and scintillation cocktail was 
not subtracted, giving the aforementioned value of 40 dpm/cc. Later in the study, the 
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Table 1. Summary of "small cell" experiments. 

'10 
Iu 
P 
P 

nperiment number Calhode Solution Anob Current Temperature Additional Increase in Tritium Length of 
density treatment over background experiment 

( mAlcrn2 1 ( C )  (days1 
1 lmm Pd J-M 0.1M W D  
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
1 4  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
tmm Pd J-M 

0.5mm Pd J-M 
lmm Pd J-M 
lmm Pd J-M ' 

lmm Pd 3-M 
lmm Pd J-M 

0.5mm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 
lmm Pd J-M 

0.1M LDD 
0.1M W D  
0.1 M LDD 
0.1 M LDD 
0.1M LDD 
0.1 M LiOD 
0.1M UOD 
0.lM UOD 
0.1 M LDD 
O.1M UOD 
0.1M W H  
0.lU W D  
0.1M UOD 
0.1M UOD 
0.1M W D  
0.1M UOD 
0.1 M LDD 
O.lM UOD 
0.1M UOD 
0.1 M LiOD 
0.1M UOD 
0.1M UOD 
0.1M UOD 
0.1 M LDD 
0.1 M LDD 
0.1M LiOD 
0.1 M LDD 
0.1 M LOO 
0.1 M LOO 

pt g a m  
Pt gauze 
PI gauze 
Pt gauze 
Pt gauze 
Pt gauze 
Pt gauze 

PvNb gauze 
PVNb gauze 
PVNb gauze 
PVNb gauze 
PVNb gauze 
PVNb gauze 
PvNb gauze 
PVNb gauze 
P W b  gauze 

Nickel 
PVNb gauze 
PVNb gauze 
PVNb gauze 
PVNb gauze 
PVNb gauze 

Pt gauze 
Pt gauze 
Pt gauze 
Pt gauze 
PI Gauze 
PI gauze 

PvNb gauze 
PvNb gauze 

50 
50 
50  
50 

200 
200 
200 
150 
1 so 
150 
150 
150 
50 
50 
50 
50 
50  
50  
50  
50 
50 
50 
60 
60 
60 
60 
60 
60 
61 
65 

20 
20 
20 
20 
20 
20 
20 
8 
8 
8 
8 
8 
16 
16 
16 
16 
16 
8 
8 
8 
8 
8 
4 
4 
4 
4 
4 
4 
4 
4 

Norre 
None 
None 
None 
Nom 
Nom 
None 
None 
None 
None 

Virkar T1 
None 

Thiourea 
Pd black 
Pd black 
Thiourea 

Norre 
Vlrkar T3 
Virkar T4 
Virkar T5 
Virkar T6 
Vlrkar T7 
Non, 
None 
Nom 
None 
None 
None 
None 
Nom 

Nare 
Naw, 
None 
Nar, 
Naw, 
None 
Naw, 
Naw, 
Naw, 
Naw, 
NUN3 
Naw, 
None 
Non, 
Naw, 
Nar, 
Naw, 
Naw, 
Naw, 
Naw, 
Naw, 
Naw, 
Naw, 
Naw, 
Naw, 
Non, 
Non, 
NUl@ 
None 
N- 

23 
23 
23 
23 
19 
19 
19 
61 
57 
61 
61 
57 
42 
26 
37  
36 
34 
35 
35 
39 
38 
39 
22 
22 
22 
22 
12 
9 
13 
13 



operating procedure of the machine was changed and this background was 
subtracted giving the true tritium content of the electrolyte of 20 dpmkc. As shown in 
Table 1, no increase in tritium content of the electrolyte was observed in any of the 30 
experiments. 

Until a technique is used to simultaneously measure the degree of loading of 
deuterium into palladium ,it is not possible to assess how successful some of the 30 
experiments were in achieving high loading ratios. Such a technique has recently 
been developed by Riley et al. (1990) and could be implemented on small cells of the 
type used in this study. However, it can be concluded that a simple application of 
known techniques for increasing the activity of the palladium and deuterium uptake 
are not sufficient to create conditions required for observing the phenomenon of cold 
fusion 
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Summary 

A preliminary electrolysis experiment at -77 C was conducted for a 12-hour 
period in an attempt to detect production of neutrons. The electrolyte was 10% D,SO, 
in absolute ethanol with a deuterated OD group. The cathode was a 1-mm diameter 
palladium wire, 3 cm long, and the anode was platinum-coated niobium gauze. No 
neutrons above background were observed using a GeLi detector, which detects y 

from neutron capture by light water. 

Acknowledgement  
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1. Introduction 

It has been suggested that a high concentration of deuterium in palladium is a 
necessary condition for observing the phenomenon of cold fusion, in particular, the 
production of excess heat. A loading ratio of deuterium to palladium of 1:l is a 
theoretical minimum suggested by Bressani, et al. (1989), but no experiments have 
been able to establish a firm relationship between loading ratio and excess heat. The 
extensive literature on palladium discusses the solubility of deuterium as a function of 
temperature and pressure, and many methods have been used to measure the 
loading ratio (Lewis, 1967; Smith, 1948). However, none of these methods are 
reliable at the high loadings of interest in cold fusion research. The general 
consensus (Baranowski et al., 1990) is that at room temperature in the gaseous phase, 
extremely high pressures are required to get loadings close to one. Electrolytic 
methods are a potential technique for attaining such high effective pressures, but at 
room temperature the highest value expected is 0.93 (Flanagan, 1990). It has been 
reported by Smedley (1990) that a value of 1 .O can occasionally be attained at long 
times by electrolysis in 0.1M LiOD using the electrical resistance technique of 
assessing the degree of loading. The largest body of information concerning high 
levels of loading is connected with studies of the superconducting properties of Pd-D- 
H alloys. It has been established by Burger et al. (1975) that Pd-D and Pd-H become 
superconducting at 9 and 11 K, respectively. More importantly, the transition 
temperature is a sensitive function of the degree of loading. This has been well 
studied and now has a sound theoretical background. In the light of the above work, 
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we attempted to achieve a loading of 1:l and used nuclear methods to detect the 
production of nuclear products due to cold or solid-state fusion. 

2. Experimental Procedure 

A conventional electrolytic cell was used for these experiments. The anode was 
made from platinum-coated niobium gauze. The palladium cathode (1 mm diameter 
by 3 cm long) was supplied by Johnson-Matthey and was stated to be of 99.995% 
purity. It was used in the as-received condition and was spot welded to a platinum 
lead wire sealed into glass. The cell was sealed, but the electrolytic off-gases were 
allowed to escape via an exit tube into an external recombination cell. The cell 
electrolyte and any recombined liquid were tested for tritium content before and after 
the experiments. A platinum resistance thermometer was placed in the electrolyte to 
monitor the temperature. The entire cell was placed into a dewar with a foam lid. 
Ethanol and dry ice mixtures were used to bring the temperature of the cell to -77 C. 
Once this temperature was reached, the cell remained at -77 C ( f l  C) for 12 hours 
before refilling with dry ice was necessary. The electrolyte was absolute ethanol with 
a deuterated OD group (Cambridge Isotopes Limited 99Y0) with 10% D,SO, 
(Cambridge Isotopes Limited 99%). The dewar was placed in a tank containing light 
water with a distance of 10 cm between the dewar and the walls of the tank. The 
production of neutrons was detncted with a GeLi detector, which measured gamma 
rays emitted by neutron capture light water. 

Prior to turning on the cell current, background measurements were taken for 
several hours. The cell was run at a constant voltage of 8 volts. As the cell warmed 
up, the total current and power to the cell increased and caused a thermal runaway 
overnight when the dewar was not kept topped up with dry ice. However, a period of 
electrolysis for 12 hours at -77 C was analyzed for nuclear products. 

3. Results And Conclusions 

No neutrons were detected above background levels nor was excess tritium 
detected in the electrolyte. Because very little recombinant liquid was produced, it 
could not be analyzed for tritium content. 

It is recommended that this study be repeated using a more sensitive He3 
tubular neutron detector that is now available. We also envisage calorimetric studies 
at these low temperatures, but there are many problems to overcome before this is a 
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real possibility. Heat conduction calorimeters, as pioneered in the Engineering group 
in connection with Hart Scientific, would be ideal. Preliminary experiments have been 
carried out using a dewar containing ethanol and dry ice as the cooling medium and 
have shown that the calorimeter is operational at this temperature (-77 C). Power has 
been applied using a resistance heater in a typical cell containing the ethanolic/acid 
mixture described above and a satisfactory calibration curve obtained. 

A number of problems exist that involve the electrochemistry. In particular, the 
value of the thermoneutral potential for open-scale operation is not known and the 
chemical reactions occurring are uncertain. At this low temperature, the conductance 
of the solution is so low that the input power may be very small, making calorimetry 
difficult. Very long charging times may be required as the diffusion coefficient of 
deuterium in the palladium is much lower at these temperatures. The use of closed 
cells will be difficult if the conventional approach of using catalyst to recombine the off- 
gases is used because recombination at these low temperatures may be very 
inefficient. The recombined water may also freeze on the catalyst, further reducing its 
efficiency. Hence, nuclear measurements alone at extremely low temperatures seem 
to be the best approach at present. 
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I. General Objectives 

The overall objective of our work is aimed at developing high pressure liquid 
cells for cold fusion work. These cells are intended to operate at high pressures (up to 
100 atm) with controlled cell temperature and with the ability to infer transient heat 
flows, cathode loading, and other diagnostic information. The design and construction 
of these cells is very challenging. After using an initial massive, autoclave design, we 
have pursued small, cigar-shaped cells to minimize the thermal inertia associated with 
large material volumes. Efforts have been directed toward construction and testing of 
several cells, each with slightly different design, and evaluation, design, construction, 
and testing of calorimeter devices and related instrumentation. 

II. Electrolytic Cell Development 

A. Cell Design and Testing 

Initial studies used a massive cell built along classical autoclave designs. A 
schematic of the cell is shown in Figure 1. At the center was a 1 mm diameter 
palladium cathode approximately 3 cm long. An anode "cage" of platinum coated 
niobium wire surrounded the cathode. A stainless steel calibration heater and a type K 
thermocouple were suspended in the electrolyte. Both a pressure transducer and a 
pressure relief valve were installed on the stainless steel tubing used to pressurize the 
vessels. The first cell was completed in February and was used for testing data 
acquisition, pressure sealing, and dimensional tolerances, as well as to study the 
pressure and temperature response of the complete system. 

Another design has been pursued since the original configuration was built. In 
all of these, the cell wall is used as the anode. Several versions of the cell 
anode/pressure vessel have been constructed and tested using small diameter 
stainless steel vessels. All of these have been made from 1/4" x 5", Type 304 SS, 
schedule 40 standard pipe nipples with NPT threaded ends. The inside diameter is 
approximately 3/8". See Figure 2. 

Several interior finishes have been tried with varying degrees of success. Silver 
and nickel surfaces decayed rapidly causing severe contamination of the electrolyte. It 
was hoped that this problem could be solved by using an electroplated gold finish for 
the anode surface. 
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Figure 1. An overall schematic of the initial cell is shown. 
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Figure 2. Diagram of a typical design of the small-diameter, high-pressure cell 
investigated in this work is shown. 

Quality Plating in Salt Lake City was given one of the pipe nipples to plate. They 
pre-activated the stainless surface and applied a nickel flash. Gold was plated on the 
nickel to an unknown thickness. This tube was tested by installing the cathode fixture 
and applying current with the cell open to the atmosphere. When the voltage was 
increased above 3 volts (current density approximately 64 mNcm2), the surface began 
to deteriorate. By the time the voltage reached 4.6 volts the entire surface had flaked- 
off down to the stainless steel. 

A second vessel was constructed, with greater care given to surface prepa-ation 
and plating. Again, however, the surface deteriorated severely. A platinum coating was 
also considered but we were unable to find anyone locally to do the plating, anc dfter 
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contacting sources on the West Coast, we determined that time constraints did not 
allow pursuing this option. In any case the same problem may occur-the bond to the 
stainless steel is likely to fail. 
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Y : 3 -  
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There were two reasons for trying to plate the interior surface of the vessel. The 
first was to improve the catalytic action, Le. reduce the voltage required to obtain a 
given current. The second reason for coating the interior of the cell was to minimize or 
at least control the contamination of the electrolyte from the anode material. 
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Comparison of gold plated & stainless steel anode performance 

1 .O mm cathode, 3.23 sq. cm, 0.1 N LiOH, open cell 

Figure 3. Currentholtage characteristics comparison for a bare stainless steel cell 
and a gold-plated cell when operated in an open configuration. 

We expected that the gold surface would give a higher current for a given 
voltage than plain stainless steel but the opposite occurred. The stainless steel 
surface, untreated except for cleaning and degreasing, showed better current versus 
voltage performance. A comparison of the two surfaces is shown in Figure 3 for an 
open configuration. Comparable characteristics for the non-plated cell when operated 
in a closed configuration are shown in Figure 4. In each test the cathode was a 1.0 mm 
palladium wire with an exposed area of 3.23 cm2. The catalyst consisted of 4 mm 
alumina spheres coated with platinum. The electrolyte solution was 0.1 N LiOH 
approximately 8 - 9 cm3 in total volume. More data is given on these experiments 
below. 
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Current vs. Voltage - stainless steel anode 
1 .O mm cathode, 3.23 sq. cm, 0.1 N LiOH, closed system, Pt catalyst 

3 I I 
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O 100 200 300- 
Current (mA/sq. cm) 

Figure 4. Currentlvoltage characteristics for a bare stainless steel anode cell when 
operated in a closed configuration are shown. 

The gold-coated tube was tested in an open configuration using current 
densities from slightly less than 15 to nearly 160 mNcm2. In these tests, performed 
over a total of 4 hours, the current density was kept constant at a given value for 
approximately 30 minutes, and then increased to a new value. At each level, the cell 
current density and cell voltage were stable. When a current density of 64.7 mNcm2 
was applied. small gold particles could be seen in the LiOH solution. The number of 
gold particles increased with increasing cell current density. At a level of 159.4 
mA/cm2 for 20 minutes, the cell voltage became unstable, and the gold layer was 
found to be destroyed. A pretreated gold tube was used in the cell after the firs: one 
was destroyed, but the second tube also failed when the current density reached 
about 68 mA/cm? 

The stainless steel tube was tested in an open configuration with four different 
current density values: 47, 90, 134, and 205 mNcm*. Figure 5 shows that cell current 
density at different voltage level: Nere almost constant. Figure 6 shows that cell 
voltages decreased in the first 40 minutes, then became nonvarying with time. 
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Figure 5. The cell current density is essentially constant for the stainless steel tube in 
an open configuration. 

Figure 6. Variation of the cell voltages for the situation shown in Figure 5. 
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Several tests were performed in a closed stainless cell with an enclosed 
catalyst. Values of current density evaluated were 55, 94, 133, 200, and 265 mA/cm2. 
The variation of cell voltage and current density are shown in Figures 7 and 8. One 
may note in Figure 6 that the cell voltage for a current density of 265 mA/cm2 varied 
considerably, but the 

A > 
v 

Figure 7. Stainless 
catalyst. 

A > 
W 

& 
0 

3 > 
c) 
(I 

other values were relatively constant with time. 
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steel cell voltage variation is shown for a closed system with a 
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Figure 8. Stainless steel cell voltage variation is shown for a closed system with a 
catalyst. 
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We had the electrolytes used in the stainless steel cells analyzed after the tests. 
It was found that there were several chemical elements in solution including Cr, Fe, 
Mn, and Li. The major constituent analyzed was Cr. The elements Cr and Fe were 
found in much higher concentration in the closed cell configuration than in the open 
con f ig u ration . 

While the catalytic performance of the stainless steel appears to be acceptable 
the other problem remains. Under certain conditions, yet to be quantified, the stainless 
steel begins to corrode and contaminates the solution with iron oxide. In addition to 
contaminating the electrolyte, the formation of iron oxide causes the internal pressure 
to increase since the oxygen is no longer available to combine with hydrogen on the 
recombination catalyst. There are several possible solutions to this problem but, due to 
time and budget constraints, we have only been able to pursue one of them. 

The solutions considered include: 

1. Use a nickel pressure vessel (or some metal that can be plated more reliably). The 
problem with this approach is that since these metals are not as strong as stainless 
steel, the thermal mass increases significantly to obtain the same pressure rating. Also 
these metals are more susceptible to corrosion and if there are any holes in the plating 
they could fail rather quickly (especially if the vessel is designed for low thermal mass, 
i.e. thin walls). 

2. Swage an inert metal tube inside the stainless steel vessel. This may well be a 
reasonable solution but the availability and cost of suitable inert metal tubes makes it 
difficult to accomplish. With more time and money this may be an approach worth 
considering. 

3. Use a separate anode electrically isolated from the stainless steel wall with 
or possibly glass. We are currently pursuing this approach as it is also applicable to 
the "fuel cell" design we are working on (see following section). 

teflon 

B. "Fuel Cell" Development 

The purpose of the so-called "fuel cell" arrangement is to oxidize H2 or D2 on 
the catalyst/anode and reduce it on the Pd cathode without producing oxygen. 
Hopefully this can be accomplished at low voltage and high current densities. Dr. 
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Anthony Laconti of Giner, Inc. assisted in defining appropriate catalyst/anode 
combinations to use in our geometry. 

We have procured two anodes which consist of a catalyst material, platinum, 
pressed into a current collector of gold mesh and bonded to a tube of Nafion 
membrane. The Nafion membrane is intended to conduct H+ ions while restricting the 
transport of negative ions. The internal diameter of the tube is 2.15 mm with a wall 
thickness of 0.28 mm. The anodekatalyst is approximately the same thickness. The 
anode section is 2" long with an additional 1.5" to 2" of Nafion tube extending from 
each end. See Figure 9. 

Gold wire for 
connection to 
current source 

Figure 9. A schematic of the Nafion-based anode design. 

A proposed operating configuration is to use a 1.0 mm palladium cathode and 
enclose the anodekathode combination in a pressure vessel similar to the ones being 
tested. The space between the Nafion membrane and the cathode will be filled with 
LiOH or LiOD. High pressure hydrogen or deuterium gas will envelope the anode. The 
Nafion membrane will prevent flooding of the anodekatalyst. 
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111. Calorimetry 

A. Background' 

A brief review of some typical calorimetry methods follows. These are discussed 
in the context of a closed cell as has to be used in our high pressure cell development. 

1. Newton's Law of Cooling 

The initial approach for assessing thermal power dissipation from an 
electrochemical cell involving the electrolysis of heavy water to promote cold nuclear 
fusion was the use of a form of Newton's Law of Cooling: 

Figure 10. Schematic diagram of the initial cells. 

A schematic of this type of cell is shown in Figure 10. Initially the calibration 
heater (with no electrolysis) is used to determine the corresponding steady-state 
temperature difference for a given rate of electrical energy input. Under normal 
operation, d.c. power is dissipated in the cell electrolyte. At steady-state conditions 

1Much of the information in this and the following two sections is taken from the American Society of 
Mechanical Engineers paper "Assessment of Thermal Energy Output from Electrochemical Cells - A 
Critical Review" by M. Case and R. Boehm, 1990. 
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(this can be a difficult situation to reach, depending upon the behavior of the cell), 
there is a level of temperature excess between Tcell and Tambient. This information is 
combined with the known electrical power input to the resistance heater over a range 
of power inputs to determine a calibration curve. The calibration heater can be turned 
on during regular operation of the cell to see what additional temperature difference is 
generated from the additional Joule heating present. If excess heat is encountered, an 
unexplained increase in the temperature difference will be noted. 

There are many reservations about using a Newton's Law of Cooling approach 
to measuring heat output. One concern is that steady-state calibration constants are 
used to estimate what may be a transient phenomenon. Even if the excess heat 
generation is not transient the normal cell operation is quite variable with time. There 
are short term fluctuations in the cell resistance, and therefore the Joule heating, 
caused by bubble formation and shedding on the anode and cathode. 

Also of concern is that the calibration heater is different in both shape and 
location than the cathode. During normal electrolysis the heat generation is dispersed 
through the gap between the electrodes, while the heater is a concentrated source. 
Also, it is widely assumed that excess heat is generated at the cathode, either in the 
bulk material or on the surface. These differences in the location and characteristics of 
the heat generation effect the overall heat transfer coefficient, although just how much 
is difficult to estimate. 

The ambient conditions have important effects on both the thermal environment 
in the cell (Le. control of the electrolyte temperature), and the ability to estimate the 
heat transfer from the cell. When the cell is in thermal communication with atmospheric 
air, the governing thermal resistance in the overall heat transfer coefficient is the film 
coefficient on the outside. It is possible that air flow patterns on the outside of the cell 
can change the overall heat transfer at a given temperature difference. When the cell 
is immersed in a liquid bath (often water is used), variation of the heat transfer 
coefficient on the inside of the cell will have a much more important influence. Also, it 
may be difficult to assign Tambient in a water bath. 

2. Flow Calorimetry 

Another approach to the assessment of energy output from the cell is to attempt 
to carry away all of the boundary energy flow as sensible heat in a flowing coolant 
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(usually a liquid). See Figure 11. The cell heat transfer is calculated from a single 
energy balance. 

Figure 11. Simple schematic of a flow-type evaluation of heat transfer from a closed 
cell. 

In concept, the flow method of assessing heat transfer can be used on either 
closed or open cells. Of course, the same problems with off-gas content and flow rates 
exist in an open, flow calorimeter, as are present in an open Newton's Law device. 

One of the major problems associated with flow calorimetry on Pd/D systems to 
this point is that the amount of energy dissipated both at "steady state" and transient 
modes is quite small, on the order of 10 W. This complicates the assessment of either 
the flowrate or temperature difference, or, more typically, both of these variables. When 
one considers the accuracy of the various measurements on these systems (more 
information on the accuracy of these devices is given later in this report), it is possible 
that the error could approach 50%, although at the 10 W level researchers at the 
University of Utah were able to achieve error levels as low as 2%. At the very 
minimum, very careful calibration of the temperature and flow sensors must be a fact of 
ope ration. 

In order to improve the accuracy of the estimates of the heat flow, a number of 
techniques can be used beyond simple calibration. One method is to use a differential 
thermocouple to assess the temperature difference between the "in" and "out" streams 
rather than using separate temperature sensors. This approach finds one of the 
thermocouple pairs in each flow, effectively eliminating the implicit errors in using two 
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separate absolute temperature readings. However, carefully calibrated resistance 
devices can also be used with good accuracy. 

The second problem is the flow rate determination. If, as has been proposed, 
the cell electrolyte is circulated, the ability to estimate the thermophysical properties 
accurately may be compromised. To overcome both of these problems, we are 
evaluating a slightly different approach whereby a known heat input is used. See 
Figure 12. In this arrangement the cooling water flows through a second device 
designed to measure the flow rate by imputing a known amount of heat and measuring 
the temperature change. The device is constructed to be as similar as possible to the 
actual calorimeter and is installed in series. This technique could be used with 
additional calorimeters connected to the one reference device. Similar concepts have 
been described in the literature for assessment of other heat input processes. The 
general concept involves the combination of energy balances across each element. 
Rearranging and cancelling the mass-flow-rate-specific-heat product yields: 

Calibration 1 
Heater 

Figure 12. A method of eliminating the flow meter from a flow Calorimeter. 

The approach depicted in Figure 12 has a number of benefits over that shown 
in Figure 11. First, and perhaps foremost, is that the need for the flow meter is 
eliminated. Replacement of this device with a calibrated heater increases the accuracy 
of the technique. 

Second, the specific heat of the cooling fluid does not neeL to be known. 
However, if water or some other well-characterized fluid is used for cooling, this is not 

2-265 



a problem. Another option being evaluated is to circulate the electrolyte, typically less 
easily characterized in terms of thermophysical properties. In this case the use of the 
calibrated heat input approach is quite significant. As with the concept shown in Figure 
9, the application of differential thermocouples can improve accuracy over most 
approaches that involve two distinct temperature readings. 

3. Heat Flux Systems 

Cell Power and 

< > 

Figure 13. Schematic of a Seebeck calorimeter. 

Seebeck calorimetry utilizes a box made of two skins of high thermal 
conductivity material such as aluminum separated by a thermal insulator. A very large 
number of thermocouples are hooked up differentially between the two skins, creating 
a thermopile configuration. A well-characterized material of known thickness is located 
between the layers, yielding a path for assessing the heat flaw out of the box. See 
Figure 13. It has been reported that devices of this sort are able to measure heat flow 
from an electrochemical cell to within 20.3%. 

Even though the Seebeck calorimeter demonstrates excellent accuracy in 
measuring heat flow, the device is not without drawbacks. First, the whole test 
assembly must fit within the box. Second, recording the transient behavior is difficult 
since it is "washed out" by the relatively large thermal mass. Third, it can be difficult to 
maintain the cell temperature within a specific range. Fourth, while these devices are 
available commercially they tend to be quite expensive. 

The same basic concept can also be used in a more localized approach where 
the cell is placed in an insulated enclosure which has a single highly conducting path 
for heat transfer out of the system. This path is instrumented in a manner similar to that 
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depicted in the wall detail shown in Figure 13. The accuracy may suffer but with testing 
and proper calibration this could be improved. 

B. Transient Analysis 

In order to examine the effects of the transient behavior of the excess energy 
excursions, a simple numerical heat transfer model of a Newton's Law type 
calorimeter was formulated. The model consists of two lumped masses in series, 
representing the electrolyte and wall, and a parallel heat flow representing heat 
transfer through the calorimeter lid. A diagram of the electrical circuit analog for the 
heat transfer is shown in Figure 14. The analysis is based on a cylindrical calorimeter 
vessel approximately 10 cm high by 4 cm inside diameter. A simple forward 
differencing technique was used with time steps of 2-5 seconds. With a constant input 
power the electrolyte and wall temperatures at time zero are calculated. The power 
input is increased in a stepwise fashion and new temperatures are calculated using a 
simple numerical integration. 

Electrolyte, e Wall, w 
n 

Figure 14. Electrical analog of the lumped system analyzed. 

The following four cases were studied: 

Case A can be zmsidered the base system. It assumes a 1 mm glass wall, and 
internal and extsinal convection coefficients equal to 100 W/m2 "C (a conservatively 
small value). The material properties are based on a glass wall and water electrolyte. 
The loss coefficient for the lid was set at 10% of the (h A) for the inside wall. Bath and 

2-267 



ambient temperatures are assumed constant at 20°C (293 K). Initial conditions were 
determined assuming steady state operation at 10 W input power. 

The second case, B, has the same internal geometry but with a more massive wall. 
The outside area is increased to account for the increased mass. 

The third case, C, uses the 1 mm thick wall but with a 20 cm high calorimeter thus 
doubling the electrolyte mass and approximately doubling the wall area. 

The final case, D, uses the thicker wall combined with the electrolyte mass of C. 

Since the excess heat is often detected in bursts or 'excursions' this analysis 
gives some idea of the differences between 'steady state' measurements and transient 
measurements. 
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Figure 15. Electrolyte temperature variation with time subject to an arbitrary 50% 
step increase in power. 

Figure 15 shows the time response of the electrolyte temperatures in the four 
different cases. These curves are the response to a step increase in the energy input 
of 50% (5 W) at time zero. The asymptotic values of temperatures vary from case to 
case due to the different heat transfer areas involved. The curves show that if the 
excursion lasts longer than 7-10 minutes it could be completely resolved with the 
measuring instruments. With shorter excursions the actual value of excess power 
would not be detected. 
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Figure 16. System response to a 5 minute excursion. 

Figure 16 shows the response to 5 minute excursions of 10% and 50% excess. 
In both cases the 'measured' temperature does not reach the asymptotic temperature 
corresponding to the actual power level. 
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Figure 17. Accumulated energy. 

2-269 



Figure 17 is a plot of the accumulated energy for a 50% step increase in the 
power input. Qinput represents the total energy input to the system, including any 
excess. The other curves show the 'measured' energy in the model calorimeter. As 
expected the measured values lag the input value due to the thermal masses involved. 
This lag increases for the first 5-8 minutes then remains constant as the measured 
temperatures reach the asymptotic values. After the excursion stops the lag slowly 
disappears. 

The different geometries explored influence the asymptotic temperatures more 
than the time response of the systems. In all cases the discrepancies between 
assumed steady state and actual transient response result in either underestimated 
power or energy (for shorter duration excursions) or show essentially no effect for 
longer du rations. 

Another observation to note, regardless of transient or steady state 
assumptions, is that with the assumed to model a 10% excursion (1 W), the change in 
electrolyte temperature is very small-on the order of 0.2 "C. This indicates the 
extreme sensitivity to accurate temperature measurements. 

C. Accuracy Comparisons 

In order to illustrate some of the basic accuracy and sensitivity differences 
between the devices outlined above, many estimates are made in what follows. The 
base values used such as power input, excess energy, areas, AT'S, etc., were taken 
from recently published material on the calorimetry results of cold fusion investigations 
at Texas A&M. The accuracy of measurement of each variable is estimated based on 
published sensor and measurement device data and experience. 

It is assumed that the excess heat might be given by: 

qexcess = qtotal out - IE + mhfg + qformation 

The IE term represents the total electrical power into the cell. qformation accounts 
for the energy lost from the cell if the molecular D2 and 0 2  from the electrolysis 
process are vented from the cell. The term mhfg is included to reflect the loss of D20 
vapor from the cell. Both of these latter terms are pertinent only if the cell is open. Of 
course the term qtotal out is the amount of energy transfer that a particular calorimetric 
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method would measure. From the above stipulations. the excess energy can be written 
generally as follows: 

and it is assumed that the excess energy is on the order of the 10% of the qtotal out. 

The uncertainty can be expressed as: 

Table 1 

Comparison of Uncertainties2 

Method Number of Variables Estimated Uncertainty 
Xi's 6q eQe, '10 

Newton's Law 
Open Cell 11 
Closed Cell 7 

Flow Calorimetry 
Standard 5 
Inferred Flow 5 

40.7 
39.6 

12.8 
9.1 

Thermoelectric 
Closed 1 <2.0 

Table 1 compares the uncertainty associated with several of the techniques 
described above. It can be seen that flow calorimetry is inherently more accurate than 
Newton's Law of Cooling and that the Seebeck-type calorimetry is even better from an 
accuracy point of view. 

Tables 2 (a) and (b) show the relative influence the measured variables have 
on the uncertainty for the two types of calorimetry. While all of the variables have not 
been listed, this table clearly shows the sensitivity of both methods to the temperature 
measurements. In the Newton's Law of Cooling the calculation of U, generally from 
calibration measurements, is also very sensitive to the temperature measurement. The 
5% variance in the U value in Table 2a) is conservatively estimated from error analysis 

2ASSUMPTIONS: qinput -- 4 W, qexcess = 10%; Temperature accuracy = k0.02 "C, Current = f l  ma, 
Voltage = f1 mv. 
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performed on the U calculation, 6U (Xi), and from uncertainties in conventional 
convective heat transfer correlations. Values for the latter are generally uncertain to 
greater than 10%. This is reasonable given the different convective condition from 
calibrations with a heater from that found during electrolysis operations. Values of 
other variables shown for the absolute variances are selected somewhat arbitrarily, 
based upon experience. 

Table 2 

Uncertainty Sensitivity 

a) Newton's Law of Cooling: q = U A AT, open cell, qinput = 4.1 W, qexcess = 0.447 W 
Variable Value Variances Relative Influence 

Xi 

ATC, "C 3.4 0.02 
I, amps 0.7036 0.001 
vt, volts 5.870 0.00058 
Vel Volts 1.54 0.01 
A, cm* 263.9 1 .o 
U,W/cm2 "C 0.0038 0.0002 

hfg, J/g 2.45 0.001 
m, gls 0.0383 0.00038 

@excess = 0.1 823 W; 

1.47 
0.14 
0.02 
0.06 
0.38 
5.28 

0.1 
0.0 

Wexcesslqexcess = 40.7% 

[&$M6xi I 
6 q e I  % 

33.54 
1.54 
0.24 
0.24 
4.32 

60.18 
0.03 

0.0 

b) Flow Cell: q = mcp AT, closed cell, qinput = 4.3 W, qexcess = 0.71 W 
Variable Value Variances Relative Influence 

Xi s>clxjp/o 

ATc, "C 2.0 0.02 1 .o 55.1 
I, amps 0.75 0.001 0.1 3 3.16 
VI volts 5.75 0.001 0.02 0.41 
m, g/s 0.0383 0.00038 0.1 0.03 
cp, J lg "C 4.1 84 0.02 0.5 13.78 

6qexcess = 0.0902 W Qexcesslqexcess = 1 2.8% 

Later in this report additional aspects are given about the affects of key 
variables on the accuracy of the flow calorimeter. 
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D. Laboratory Calorimeter Development 

1. Basic Design 

The early work of Pons and Fleischmann used a Newton's law of cooling 
approach to the estimation of energy flow. Our work initiated with a similar technique 
on the massive high pressure cell. However, the experimental uncertainties of that 
approach, as was discussed above, coupled with the hig h-thermal-inertia 
characteristics of this thick-walled cell (see related discussion to this aspect above) led 
us to conclude that we needed to pursue other approaches. Because of the various 
constraints with our design, we used a flow calorimeter approach. 

A reference cell calorimeter consisting of two flow devices connected in series 
has been constructed and tested. Each device consists of an insulated flow jacket with 
either an electric heat source or electrochemical cell enclosed. The first contains a 
reference heat source for the purpose of calibrating the second one which contains the 
electrochemical cell generating an unknown heat output. A cooling fluid (water) is 
circulated through both devices in series. The calorimeters are instrumented to 
determine the temperature difference of the fluid from the entrance and exit of each 
device. The heat output of the second device can be determined by comparing the 
temperature differences and the known heat input of the first device. 

The flow jacket of each device is constructed of acrylic plastic (see Figure 18). 
Each has almost identical geometry to minimize any differences in the heat loss 
characteristics. Both are insulated with a minimum of two inches of foam board with a 
thermal conductance of 8.7 Btu/hr ft2 OF. 

Thermocouples are placed in the entrance and exit fittings of the flow jacket and 
are connected in a differential type circuit (i.e. the voltage measured is a function of the 
temperature difference between the two junctions). This is shown in Figure 19. 

The flow devices have been tested to evaluate the method of temperature 
measurement, to determine achievable flow rates and characteristics, and to estimate 
the accuracy of heat measurement. There were unforeseen problems and several 
necessary refinements identified during this testing. For example, during initial testing 
of the reference device the temperature difference measured didn't correspond directly 
to the power input. When the polarity of the meter was reversed, the temperature 
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difference reversed indicating the water was exiting colder than it entered, a situation 
that was most unlikely. What was happening is that stray currents were being 
produced in the thermocouples by the heater. The problem was corrected by using 
shielded thermocouple probes, isolating the alumel and chrome1 wires from the 
cooling fluid. 

Removable lid 
Thermocouple P 

Brass fitting 4 

F Plastic tubing 

'Acrylic jacket 

- APP~OX. 1" ID 

r+ Waterin 

Water out 

Figure 18. Shown is a schematic of the flow calorimeter used with the small diameter 
cell development described here. 
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Thermocouples 0 
Figure 19. The differential circuit for measuring temperature differences is shown. 

A constant flow of cooling water is achieved by using a constant head device 
consisting of the pump in a constant temperature bath and an adjustable height 
atmospheric tank. 

2. Instrumentation 

The data acquisition system consists of an Omega Engineering WB-A10-B 
analog interface and control system with a 14 bit analog to digital converter (ADC), 
installed in an IBM PC. Using the lowest range scale at 50 mV, the accuracy is 0.04% 
of the full scale range or within 0.02 mV with a resolution of 0.003 mV. For K-type 
thermocouples, 1 "C corresponds to approximately 0.04 mV (at room temperature) 
meaning the accuracy of the system as given is at best 0.5"C. Since the heat output of 
the electrochemical cell is determined by the temperature differences of the cooling 
fluid, accurate, precise temperature measurement is critical and 0.5"C is not adequate. 
The solution was either a new acquisition system with better accuracy or amplify the 
thermocouple output. 

We have constructed precision instrument amplifier with variable gain of 10 to 
2000. Now the accuracy is dependant on the gain and the accuracy of the amplifier. 
Assuming a temperature difference of 2°C which corresponds to approximately 0.08 
mV, multiplying by a gain of 312.5 gives a 25 mV signal to be read by the data 
acquisition system (with the same resolution and accuracy as previously stated). Now 
the 0.02 mV accuracy of the acquisition system corresponds to 0.0016°C. Of course 
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the error of the amplifier must be included (rated at O.Olo/o). It is estimated that 
temperature measurements will be accurate within 0.05"C or better (possibly to 
0.01 "C). 

The amplifier system consists of two signal amplifiers, one for each device with 
the necessary power supplies (built in our laboratory). 

3. Error Analysis 

A sophisticated error analysis was performed to determine both what the 
necessary accuracy of the temperature measurements is and what the ideal operating 
conditions (flow rate vs. temperature difference) are. The following equations 
demonstrate the approach taken to determine these values. Note related analysis 
described earlier in this report. 

Suppose that m, C,, AT are measured with uncertainties. 8m, 8C,, &AT, and the 
measured values used to compute the function Q(m, C,, AT). If the uncertainties in m, 
C,, AT are independent and random, then the uncertainty in Q is 

aQ aQ aQ 
(%8m)2 + (acp8Cp)2 +  AT AT)^ aAT 

Since 

Q = m C,AT 

where AT=T2-T1, and the 2 factor in front of the final term under the radical is due to the 
fact that the temperature difference is made up of the contributions of two individual 
temperature measurements. So, 

8Q = d(CpAT8m)2 = (mAT8Cp)2 = 2(mCp8AT)2 

Thus, 

Figures 20 a-c show the influence of the various instrumentation parameters on 
the uncertainty in the measurement of heat output using a flow calorimeter. In all 
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cases, it is assumed that the specific heat value is known to within 1% accuracy and 
that the total heat output is 5 W. These three figures illustrate the influence of 
temperature accuracy and flow rate accuracy on the determination of the heat output. 
As is commonly the case in experimental work, the temperature accuracy is expressed 
in terms of a fractional degree error. The flow rate, on the other hand, is expressed in 
% full scale errors. It can be seen that the minimum overall uncertainty in the heat flux 
is clearly a function of the various variables in the problem. For example, higher errors 
in flow measurements (see the dM=5% set of curves) require that the flow meter be 
operated nearer to full scale (smaller temperature difference) to minimize overall 
uncertainty. However, as the flow meter approaches full scale operation, then the 
errors in temperature measurement begin to dominate. 

IV. Summary 

This report has described the work performed related to the development of 
high-pressure liquid electrochemical cells. Described is the evolution in design from a 
massive configuration to small, cigar-shaped arrangements. Problems were 
encountered with the cell inner surface preparation, and these have been described. 
Efforts are still underway to develop a "fuel cell arrangement." 

A great deal of work has been directed toward understanding the limitations of 
various approaches to calorimetry. These have been examined with concern for the 
low power and transient nature of the output. Experimental development has focused 
on the use of a differential form of a flow calorimeter. One design has been developed 
and evaluated. Errors associated with a typical arrangement have been evaluated. 

2-277 



0.5 

0.4 

0.3 

0.2 

Figure 20 a, b, c. Uncertainty in the energy measurement from a flow calorimeter is 
shown as function of the errors in temperature and flow measurement for a fixed 
experiment. 
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