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FOREWORD

Twelve years have passed since the announcement on 23 March 1989 by Professors
Fleischmann and Pons that the generation of excess enthalpy occurs in electrochemical
cells when palladium electrodes, immersed in D2O + LiOH electrolyte, are negatively
polarized. The announcement, which came to be known as �Cold Fusion,� caused fren-
zied excitement. In both the scienti�c and news communities, fax machines were used
to pass along fragments of rumor and �facts.� (Yes, this was before wide spread use
of the internet. One can only imagine what would happen now.) Companies and indi-
viduals rushed to �le patents on yet to be proven ideas in hopes of winning the grand
prize. Unfortunately, the phenomenon described by Fleischmann and Pons was far from
being understood and even factors necessary for repeatability of the experiments were
unknown. Over the next few months, the scienti�c community became divided into the
�believers� and the �skeptics.� The �believers� reported the results of their work with
enthusiasm that at times overstated the signi�cance of their results. On the other hand,
many �skeptics� rejected the anomalous behavior of the polarized Pd/D system as a
matter of conviction, i.e., without analyzing the presented material and always asking
�where are the neutrons?� Funding for research quickly dried up as anything related
to �Cold Fusion� was portrayed as a hoax and not worthy of funding. The term �Cold
Fusion� took on a new de�nition much as the Ford Edsel had done years earlier.

By the Second International Conference on Cold Fusion, held at Villa Olmo, Como,
Italy, in June/July 1991, the attitude toward Cold Fusion was beginning to take on a
more scienti�c basis. The number of �ash-in-the-pan �believers� had diminished, and
the �skeptics� were beginning to be faced with having to explain the anomalous phe-
nomenon, which by this time had been observed by many credible scientists throughout
the world. Shortly after this conference, the Of�ce of Naval Research (ONR) pro-
posed a collaborative effort involving the Naval Command, Control and Ocean Surveil-
lance Center, RDT&E Division, which subsequently has become the Space and Naval
Warfare Systems Center, San Diego (SSC San Diego); the Naval Air Warfare Center,
Weapons Division, China Lake; and the Naval Research Laboratory (NRL). The effort’s
basic premise was to investigate the anomalous effects associated with the prolonged
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charging of the Pd/D system and �to contribute in collegial fashion to a coordinated
tri-laboratory experiment.�

Each laboratory took a different area of research. At San Diego, our goal was to un-
derstand the conditions that initiate the excess heat generation (the Fleischmann�Pons
effect) and the search for evidence that indicates their nuclear origin. To eliminate the
long incubation times (often weeks), Drs. Stan Szpak and Pam Boss decided to prepare
the palladium electrodes by the co-deposition technique. Initially, they concentrated
on tritium production and the monitoring of emanating radiation. More recently, they
extended their effort to monitoring surface temperature via IR imaging technique and
showed the existence of discrete heat sources randomly distributed in time and space.
This discovery may prove to be a signi�cant contribution to the understanding of the
phenomenon.

At China Lake, Dr. Miles and his collaborators showed that a correlation exists between
the rate of the excess enthalpy generation and the quantity of helium in the gas stream.
Such a correlation is the direct evidence of the nuclear origin of the Fleischmann�Pons
effect.

The research at NRL was directed toward the metallurgy of palladium and its alloys
and the theoretical aspects of the Fleischmann�Pons effect. In particular, Dr. Imam
prepared Pd/B alloys that Dr. Miles used in calorimetric experiments. It was shown that
these alloys yielded reproducible excess enthalpy generation with minimal incubation
times (approximately 1 day). The theoretical work of Dr. Chubb contributed much to
our understanding of the Fleischmann�Pons effect.

Although funding for Cold Fusion ended several years ago, progress in understanding
the phenomenon continues at a much slower pace, mostly through the unpaid efforts of
dedicated inquisitive scientists. In preparation of this report the authors spent countless
hours outside of their normal duties to jointly review their past and current contribu-
tions, including the �hidden� agenda that Professor Fleischmann pursued for several
years in the 1980s when he was partially funded by ONR. Special thanks are extended
to all scientists who have worked under these conditions, including those who con-
tributed to this report and especially to Professor Fleischmann.

As I write this Foreword, California is experiencing rolling blackouts due to power
shortages. Conventional engineering, planned ahead, could have prevented these black-
outs, but it has been politically expedient to ignore the inevitable. We do not know if
Cold Fusion will be the answer to future energy needs, but we do know the existence
of Cold Fusion phenomenon through repeated observations by scientists throughout the
world. It is time that this phenomenon be investigated so that we can reap whatever ben-
e�ts accrue from additional scienti�c understanding. It is time for government funding
organizations to invest in this research.

Dr. Frank E. Gordon
Head, Navigation and Applied Sciences Department
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Space and Naval Warfare Systems Center, San Diego
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CHAPTER 1: THE EMERGENCE OF COLD FUSION

S. Szpak and P. A. Mosier�Boss

1.0 Introduction.

In this chapter, we address brie�y the events proceeding and following the 23 March
1989 announcement that nuclear reactions could be induced at room temperatures and
atmospheric pressure when electrochemically generated deuterium is compressed into
the Pd lattice. In particular, we discuss the events that led Fleischmann to this conclu-
sion, his philosophy of research and the characteristic of the Pd/nH (n = 1,2) system
that prompted him to initiate research into host lattice assisted nuclear reactions. An
extensive discussion of these topics can be found in the recently published paper by
Fleischmann entitled: Re�ections on the Sociology of Science and Social Responsibil-
ity in Science, in Relationship to Cold Fusion [1].

The announcement by Fleischmann and Pons that nuclear events can and do occur
in the Pd/D system when deuterium is electrochemically compressed in the Pd lattice
was a totally new and controversial concept, incompatible with the standard teachings
of nuclear physics. A question that naturally arises is what prompted Fleischmann to
undertake this kind of research. Was it the short note published in Nature by Oliphant et
al. in 1934 [2] who demonstrated that nuclear reaction can occur in condensed matter,
or was it something else? In what follows, we seek the answer in Fleischmann and
his collaborators numerous publications/presentations that appeared after the 23 March
1989 press conference.

In a lecture given at the First International Conference on Cold Fusion (ICCF�1), Fleis-
chmann [3] said the following:�Our interest in nucleation phenomena and our knowl-
edge of the prediction of the formation of metallic hydrogen (and deuterium) at extreme
compressions in United States and Soviet work during the mid 70s was, in fact, a key
element in the initiation of this research project.� Toward the end of his lecture, he
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remarked:�We, for our part, would not have started this investigation if we have ac-
cepted the view that nuclear reactions in host lattices could not be affected by coherent
processes.� These quotes suggest that his interest in the Pd/nH system extended over
a period of years prior to the 23 March announcement and that his research was con-
cerned with fundamental aspects of solid state chemistry and physics.

2.0 Chronology of events.

A brief chronology of events is as follows. Early in 1947, Fleischmann realized that
the Pd/H system is �the most extraordinary example of an electrolyte�, i.e., exhibiting
behavior that could not be satisfactorily explained in terms of the Debye-Huckel the-
ory. In the 1960s, he was convinced that the correct approach to the behavior of ions in
solution must be in terms of quantum electrodynamics (QED). In the late 60s, he con-
cluded that �the measurements and interpretation of �uctuations in small systems was
one possible route for probing the applicability of QED, especially the applicability to
the behavior of condensed matter� [1, p. 27]. Facing opposition in scienti�c circles to
this approach, Fleischmann decided to follow an �hidden agenda�. The underlying goal
of such research was to illustrate the need to apply QED reasoning when examining the
behavior of condensed matter as well as demonstrating that such effects can be probed
using electrochemical procedures (methods), since these methods have the required ac-
curacy and sensitivity to probe such effects (e.g., the ability to measure small signals
for small systems, an increase in sensitivity by using modulation methods, etc.). While
at the University of Southampton (1967�1980), he and his collaborators studied the ef-
fects of the various parameters on the behavior of the Pd/nH system that could not be
predicted using classical and quantum mechanics.

Concerning the emergence of cold fusion, we have to ask (i) how did cold fusion �t
with Fleischmann’s research plans and (ii) why did Fleischmann and Pons select to in-
vestigate the electrochemical compression of deuterium into a host lattice? The answer
to the �rst is to demonstrate that the QED paradigm is the correct one. The answer to
the second is a conclusion that, to probe the Pd/H system, energy balance rather than
momentum will be consistent with the �hidden agenda.� Experiments were conducted
to probe the effects of (i) space, (ii) time, (iii) length, (iv) dimensionality, (v) number,
and (vi) structure. The missing factor was (vii) energy and experiments on this were
started at the University of Utah. As such, cold fusion was, and is simply, a part of a
wider program aimed at showing that electrochemical measurements could be used to
probe the applicability of the QED paradigm.

In 1983, collaborative projects with Professor S. Pons (University of Utah) were initi-
ated and aimed at answering two questions [1, p. 31]:
(i) �would the putative reactions of D

�
compressed into host lattices be different from

the reactions in a dilute plasma (or reactions of highly excited D in solids)?� (i.e., could
nuclear reactions be generated within a host lattice?
(ii) �could such changes in the reactions be observed?�

To answer these queries, two methods of charging the metal lattices were considered:
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(i) Compression of D
�

using applied electric �elds (electro-diffusion) and (ii) com-
pression using electrochemical charging. Of these, the latter provides the easiest and
ef�cient way to raise the potential energy of an extended quantum system [1, p. 31].
Initially, calorimetric studies were selected to assess the magnitude of excess heat gen-
eration by nuclear events. Furthermore, the isoperibolic calorimetry was the preferred
method to explore the behavior of the charged Pd/D system because it is the low cost and
�catch all� method. By 1988, measured rates of excess enthalpy generation were shown
to be consistent with those obtained for nuclear reactions. In 1986, an uncontrolled heat
release due to system being driven into the �positive feedback� was observed. With the
passage of time, other techniques were used to investigate the behavior of the Pd/D sys-
tem and theories have been formulated to understand the dynamics of such systems. In
spite of the enormous potential for practical applications, the dissemination of relevant
information is limited to a very few journals. To comprehend the scale of activities fol-
lowing the 23 March 1989 press conference, one should review the material published
in the Proceedings of the International Conference on Cold Fusion, ICCF 1�8.

3.0 The Pd/nH system.

What was it about the Pd/D system that prompted Martin Fleischmann to begin this
research? It appears that the starting point was the work of Coehn [6], done in the late
1920s and early 1930s, on the electro-diffusion of hydrogen in Pd wires. Coehn found
that the absorbed hydrogen (deuterium) is present as a charged species, i.e., it exists in
its nuclear � not atomic state and that the Nernst�Einstein relation, uD � = FDD � /RT, is
obeyed. But, the existence of D

�
while in the Pd lattice in the presence of high con-

centration of s � electrons should lead to the formation of D2 as dictated by the law
of mass action. Furthermore, the application of the Born�Haber cycle to the dissolu-
tion of protons into the lattice is ca 12 eV. Such a large magnitude of the �solvation
energy� implies that the proton sits in deep energy wells while high mobility puts it in
shallow holes. Thus, to quote:�How can it be that the protons (deuterons) are so tightly
bound yet they are virtually unbound in their movement through the lattice?� [5]. Thus,
Coehn’s observation, when coupled with the quasi-thermodynamic analysis of the elec-
trochemical potential, as de�ned by Lange [6] (µD � � µD � �

eφ), posed a number of
questions, among them: What is the nature of the species at high D/Pd atomic ratios?
What are the dynamics of D

�
under these conditions? These questions, combined with

experimental evidence (e.g., heat after death, electro-diffusion), led Fleischmann to
consider the possibility that nuclear events can occur in the host lattice.

The characteristics of the Pd/nH system that sets it aside from other metal hydride sys-
tems include (i) high concentrations of ionized hydrogen (deuterium), (ii) its (their)
high mobility, (iii) high H/D separation factor at equilibrium, (iv) large diffusion coef-
�cients with inverse isotopic effect, and (v) high electrochemical potential of dissolved
hydrogen (deuterium). Each of these characteristics is associated with a certain action
(activity). In particular:
(i) A high concentration of ionized species within the lattice indicates that electrostatic
�elds within the unit cell force the transition from the atomic to nuclear state. The high
solvation energy implies that deep electrostatic potential holes are present.
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(ii) The high hydrogen and deuterium mobility, accelerated by electric �elds indicates
that nH, in their nuclear states, are immersed in a dense plasma of d�electrons; if so,
then why does highly compressed atomic hydrogen not form?
(iii) The high H/D separation factor is consistent with a model based on delocalized
classical oscillators having a high af�nity for Pd. High af�nities and high separation
factors imply highly delocalized wave functions and shallow potential holes.
(iv) Large diffusion coef�cients (D = 10 � 7 cm2s � 1) where D

�
D
� D

�
H
� D

�
T indicate the

presence of shallow holes while the inverse isotope effect implies that deuterium has a
con�guration space different from that of hydrogen and tritium.
(v) High chemical/electrochemical potentials, via their galvanic potential φ, tend to pro-
mote the formation of large proton clusters.

4.0 The announcement and establishment response

It is known [1] that Fleischmann opposed the disclosure of the results of this research in
March 1989; at the earliest, he preferred autumn of 1990. The reasons for his opposition
were (i) a premature disclosure would force him to work in a rather narrow set of topics
while his interests were in exploring the implications of quantum �eld effects in natural
sciences, and (ii) the expected attitude of industry, where the option of clean production
of low grade heat would be contrary to their short and medium-term interests.

Indeed, the research results of Fleischmann and his collaborators were questioned be-
cause they did not �t into the accepted views of the D

�
+ D

�
fusion path. Instead of

proceeding along the usual route of scienti�c inquiry, the critics disregarded the experi-
mental results of many scientists consistent with the manifestations of nuclear activities
in the Pd/D system. Fleischmann’s view (in 1989) that the establishment would seek
to stop the research, by ridicule, disinformation, cutting of funding, and prevention of
publications was con�rmed. Moreover, many researchers decided that it would be in
their interest to report negative conclusions. This can be done by selecting bad data,
by using inadequate or �awed experiment design, or by not providing the raw data to
prevent further evaluation of the results. To illustrate, in this report, frequent references
are made to non�authorized changes in procedures or interpretation employed even by
collaborating laboratories (cf. Chapter 4).

5.0 Fleischmann’s philosophy of research

The answer to theorists that the Pd host lattice assisted nuclear processes are not possi-
ble is obvious: experimental evidence carries more weight than theoretical speculations.
In 1991, Fleischmann [7], in his address to the Royal Institute of Chemistry, stated: �It
is the qualitative demonstrations which are unambiguous; the quantitative analyses of
the experimental results can be subject to debate but, if these quantitative analyses
stand in opposition to the qualitative demonstration, then these methods of analysis
must be judged to be incorrect�. It is quite remarkable that a similar view was ex-
pressed several decades earlier (1943) by the noted theoretical physicist, Max Born [8],
in his address to the Durham Philosophical Society, viz., �My advice to those who wish
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to learn the art of scienti�c prophecy is not to rely on abstract reason, but to decipher
the secret language of Nature from Nature’s documents, the facts of experience�.

6.0 Summary of events.

To reiterate, as early as 1960, Fleischmann concluded that the behavior of H
�

and D
�

electrochemically compressed into Pd-host lattices could only be understood in terms
of quantum �eld theory. This conclusion led Fleischmann, in 1983, to two questions:
(i) would the nuclear reactions of D

�
compressed into host lattices be different to the

reactions in a dilute plasma? and (ii) would such effects be observed? The expected
answers: Yes to the �rst and No to the second. In the intervening years (1986, 1987),
Fleischmann collected enough evidence, e.g., heat after death, compression by electro-
diffusion, to change the answer to (ii) from No to Yes. Finally, in March 1989, events
forced Fleischmann and Pons to present their evidence of nuclear activities in Pd/D
system.

7.0 References

1. Martin Fleischmann, Accountability in Research, 8, 19 (2000)
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G. Preparata, Trans. Fusion Technol., 26 23 (1994)
6. E. Lange, Z. Elektrochem., 55, 76 (1951)
7. M. Fleischmann, The present state of research in cold fusion, ICCF 2, p. 475
8. M. Born, Experiment and theory in physics, Dover publ., New York, 1953.
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CHAPTER 2: EVENTS IN A POLARIZED Pd+D ELECTRODES PREPARED
BY THE CO-DEPOSITION TECHNIQUE.

S. Szpak and P.A. Mosier�Boss

1.0 Introduction.

This chapter reviews our research activities of the polarized Pd/D2O system. In contrast
to the pioneering work of Fleischmann and his collaborators, we consider only events
at, and/or, within Pd electrodes prepared by the co-deposition technique developed in
this laboratory. Our effort proceeded along two paths: (i) investigation of thermal and
nuclear events in the Pd host lattice [1�8] and (ii) examination of the role of the inter-
phase region [9�13]. These paths were undertaken to assess the intensity of events and
to provide some information on the factors controlling the initiation and maintenance
of excess enthalpy generation, i.e., the �performance envelope.�

The scope is limited to a brief description of the experimental work followed by conclu-
sions. A full description of the experimental techniques as well as a thorough discussion
is provided in cited references.

2.0 Co-deposition technique.

It is well known that the structure of electrodeposited metal is controlled by a num-
ber of factors, among them (i) current density (cell current), (ii) concentration of metal
ions (or its complexes), (iii) additives, and (iv) the structure of the substrate. One of
the methods to examine the details of a deposit is the use of scanning tunneling mi-
croscope. Recently, Naohara et al. [14] reported that during the electroreduction of
PdCl2 �4 complex, �the Pd deposition proceeds in a layer-by-layer growth mode.� If
the electroreduction of the palladium complex takes place in the presence of evolving
hydrogen/deuterium, the absorbed H/D accumulates in the regions separated by the lat-
tice defects where the β�Pd/D is formed, transforming the smooth Pd surface into a
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modular�like structure [15].

Fig. 1 SEM photograph of co�deposited Pd.

The Pd+D co-deposition is a process where palladium and deuterium are simultane-
ously deposited on a non-hydrogen absorbing metallic substrate, e.g., Cu or Au, at
suf�ciently high negative potentials from electrolytes containing palladium salts dis-
solved in heavy water [1]. The surface morphology and bulk structure are controlled
by the solution composition and cell current. As a rule, at cell currents close to the
Pd2

�
+ 2 e ��� Pd limiting current density, �cauli�ower�like� Pd �lms are produced.

An SEM photograph, Fig. 1, shows the typical structure of an electrode prepared by
co-deposition. The individual spherical globules are of submicron size. Characteristic
features of the co-deposited �lms are (i) an almost instantaneous saturation of the Pd
lattice [2] with D/Pd atomic ratios � 1.0, (ii) high surface to volume ratio, and (iii)
reproducible bulk structure.

3.0 Thermal events.

The objective of this research was, and still is, directed towards determining the con-
ditions maximizing excess enthalpy production. At the present time, a sustained low
grade heat source can be maintained for considerable periods of time [3]. We considered
two types of measurements, viz. excess enthalpy and surface temperature distribution.

3.1 Excess enthalpy.

The excess enthalpy/power production was assessed in two types of calorimeter de-
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signs: (i) for short duration experiments, a calorimeter with an adiabatic enclosure was
employed, (ii) for long term experiments, a Fleischmann-Pons type cell was used [3]. It
is noteworthy that calorimeters with adiabatic enclosures offer additional information,
viz. information on the effect of electrolyte temperature on the process effectiveness.
Examples of excess enthalpy plotted against enthalpy input for short time experiments
are shown in Fig. 2a and that for long time experiments in Fig. 2b.

Several points can be made: long charging times are eliminated and the rate of ex-
cess enthalpy production is both cell current and temperature dependent with occa-
sional bursts, points A, B,.., Fig. 2a and, most importantly, electrodes prepared by
co-deposition yield reproducibly higher excess power than the commonly used solid
electrodes, Fig. 2b.

One of the features of the Pd/D electrodes prepared by the co-deposition process is the
generation of excess enthalpy at relatively low current densities (cell currents). This
feature suggests that a new class of Pd/D electrodes should be considered, among them,
the �uidized bed electrode [16]. The behavior of copper �uidized bed electrodes has
been investigated in great detail. These electrodes can be employed in a variety of con-
�gurations, depending on the location of the current feeder electrodes and the direction
of current and �uid �ow. It is noteworthy that such electrodes have very good heat and
mass transfer characteristics.

3.2 Temperature distribution.

The electrode surface temperature distribution can be monitored by infrared imaging.
Using this technique, the presence of discrete reaction sites randomly distributed in time
and space, Fig. 3a and steep temperature gradients, Fig. 3b, are observed. These fea-
tures are characteristic of the co-deposition process. The steep temperature gradients,
seen in the images, indicate that the heat sources are located in the immediate vicinity
of the electrode/electrolyte contact surface [3, 4]. The average surface temperatures are
ca 6oC above that of the solution. It is noted that the infrared imaging requires very
close placement of the negative electrode to the cell wall to minimize attenuation.

The display of �hot spots� and their interpretation using simplifying assumptions may
de�ne a number of new experiments which, in turn, could throw new light on the �cold
fusion� mechanism(s). Employing the most drastic assumptions, it is concluded that
the nuclear activities occur within the 1µm layer adjacent to the electrode/electrolyte
contact surface. It is noted that this conclusion is in an agreement with the �ndings
reported by Bockris et al. [17].

4.0 Nuclear events.

For the excess enthalpy generation to be of nuclear origin, there must be a resulting
nuclear �ash� present. Cells for the simultaneous measurements of excess enthalpy
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a)

b)

Fig. 2. Excess enthalpy generation in (a) short time and (b) long time experiments.
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Fig. 3. Surface temperature by infrared imaging; (a) perpendicular, (b) parallel view.
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and nuclear ash are dif�cult to construct and operate. Of possible nuclear events, we
focused our efforts on measuring X-ray emanation and tritium production.

4.1 Emanating radiation.

Early in the investigation [1], we constructed a cell in which photographic �lm was
placed in close proximity to a working electrode made of Ni screen onto which the
Pd+D was co-deposited. After 24 hours exposure to the cathodically polarized elec-
trode, the photographic �lm was developed producing the image shown in Fig. 4a. To
obtain spectral data, Fig. 4b, of the X-ray emissions required the use of background
radiation shielding, the appropriate selection of detector(s) and cell design. Because of
the very low intensity of the electromagnetic radiation, both the photographic �lm [1]
and the detector [6] must be placed as close as possible to the radiation source.

To summarize, we offer the following conclusions:
(i) Reliable monitoring of emanating radiation requires adequate shielding, proper cell
design, and the placement of the suitable detector.
(ii) Cathodically polarized Pd/D system emits X-rays with a broad energy distribution
with an occasional emergence of recognizable peaks (e.g., at 21 keV).
(iii) The emission of X-rays appears to be sporadic and of limited duration.
(iv) The surface morphology in�uences radiation emission, eg, co-deposited electrodes
exhibit shorter initiation time than smooth surfaces. Also, the addition of Be2

�
ions and

urea activate the X-ray emission.

4.2 Tritium production.

Tritium production is determined by (i) comparing the computed and measured con-
centrations of tritium, (ii) observation of the non-equilibrium distribution of tritium
between the solution and gas phases and (iii) mass balance. Selected examples of tri-
tium production and its distribution are shown in Figs. 5a and 5b. It is clear that tritium
release occurs via two paths, one favoring the electrolyte phase, Fig. 5a, the other the
gas phase, Fig. 5b. [8]. The presence of tritium in the bulk metal was observed only
upon addition of small amounts of Al3

�
ions to the electrolyte prior to electrolysis [7].

The sporadic as well as low production rates, 103 to 104 atoms/second averaged over a
24-hour period [7], demand a very carefully designed system and sampling procedure,
Figs. 6a and 6b. Figure 6a shows the design of the calibrated cell (a) and recombiner
(b) containing a suitable catalyst. Due to the sporadic occurrence of nuclear events,
low rates of tritium production and errors in tritium analysis, short sampling times are
necessary because averaging over long time periods may obscure its detection.

To reiterate, we note:
(i) Closed cells (i.e., cells with recombining catalyst) are considered superior to close
system arrangements (cf. Fig. 6a) for the detection of tritium production in electrolytic
cells. But, a closed cell, by design, represents an integrating system, i.e., a system
incapable of detecting time dependent tritium production rates. In contrast, a closed
system arrangement, such as used in our laboratory, provides information on the rate
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a)

b)

Fig. 4. Emanating radiation, a) recorded on �lm, b) spectral data.
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a) b)

Fig. 5. Tritium production and release paths.

a) b)

Fig. 6. Apparatus for tritium measurements, a) cell design, b) sampling schedule.
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and frequency of the �burst-like� tritium production.
(ii) The evidence for tritium production as well as its production rate is calculated from
the difference between the computed and observed concentration of tritium, the non-
equilibrium distribution and the total mass balance.
(iii) The production of tritium takes place within the interphase region. The surface
morphology affects the distribution of tritium between the gas and electrolyte phases.

5.0 The interphase region.

Even a cursory examination of the thermal and nuclear activities indicate the impor-
tance of the region separating the homogeneous electrolyte and bulk metal phases. In
an attempt to determine the factors affecting the �performance envelope,� we under-
took an exploration of the interphase structure and processes therein. In particular, we
discuss the structure of the interphase, the driving forces on loading/unloading, and
development of thermal instabilities.

5.1 Structure of the interphase.

The layer separating the electrolyte and bulk metal homogeneous phases contains par-
ticles that interact with particles in neighboring phases. If the number of interacting
particles is large compared to the total number of particles, then this layer is de�ned as
non-autonomous. Evidently, the Pd/D2O interphase layer has a non-autonomous char-
acter. The complex structure of the Pd/D2O interphase and the operating forces acting
during loading and/or unloading can be best visualized by considering the sequence of
events taking place [4]. These events are as follows:�

b 	�
 �
λs 	�
 �

λm 	�
 �
m 	 (1)

where (b) is the homogeneous solution phase,
�
λs 	 and

�
λm 	 are the solution and metal

sides of the non-autonomous interphase and (m) denotes the bulk metal, Fig. 7. The
solution side comprises of two layers: the reaction layer (r) and the absorption layer (a)
while the metal side consists of the absorption (ab) and ionization (io) layers. Thus, for
a Pd electrode in contact with an electrolyte containing dissolved D2 in D2O acidi�ed
with DCl or D2SO4, the distribution of components is as follows: Pd, e � and D

�
in

the metallic phase, Pd, D, D
�

and e � in the interphase, and D2, D
�

, Cl � /SO2 �4 in the
electrolyte phase. Evidently, not all phases contain the same components.

5.2 Driving forces.

The dynamics of the interphase during loading/unloading is driven by forces arising
from chemical potential gradients. The use of the chemical potential difference as the
driving force for the transport of species between two phases is subject to the application
of the Gibbs�Duhem equation which states that local equilibrium must be assumed.
But transport across the interphase as well as other processes put the system in a non-
equilibrium state. A non-equilibrium system in local equilibrium can be modeled by
segmenting the system in individual layers, each in mechanical and thermal equilibrium
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Fig. 7. Structure of the interphase.

with a stopped transport/reaction, i.e., where the Gibbs�Duhem equation is valid. By
reassembling the system and assuming local equilibria, the non-homogeneous nature of
the system is restored [4].

Chemical/electrochemical potentials in a system containing charged particles in thermal
and mechanical equilibrium is given by µi

� ∂∆G
∂ni

�
p � T � ni �� n j . When this system is placed

in an external electric �eld, ψ, the potential energy of charged particles becomes a
function of position, the system becomes non-electroneutral and its chemical potential
becomes µi

� ∂∆G
∂ni

�
p � T � ni �� n j � ψ. Thus, any change in p � T � n j and ψ has a direct effect on

the dynamics of the electrode/electrolyte interphase.

5.3 Development of thermal instabilities.

Even small changes in system variables are expected to have an effect on the dynamics
of the interphase. To demonstrate, a single grain when viewed under a microscope
equipped with Nomarski optics shows preferred sites for deuterium to enter, Fig. 8.
The associated volume changes within the λm layer produces motion in the λs layer
which can be displayed by interference fringes. Obviously, at high current densities,
the formation, growth and detachment of evolving deuterium bubbles would have a
profound effect on the overall processes in both the solution and the metal side of the
interphase.

The nature of the driving forces and the experimental evidence suggest that excess
enthalpy generation can be expressed as a function of externally applied �eld, ψ, (over-
potential, η), surface coverage, θ, concentration of absorbed deuterium, cD and concen-
tration of reactive states, cs, i.e., ∆H � Φ

�
p � T � ψ � θ � cD � cs 	 . The time/space dependent

location of short duration of discrete reaction sites further suggests that derivatives of
these variables are involved. Such functional dependence and the highly nonlinear be-
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Fig. 8. Effect of D absorption. Left, changes in electrode (by Nomarski optics), right,
in electrolyte (recorded by interferometer).

havior leads to the development of thermal instabilities which, in extreme, can lead to
electrode melting [5].

6.0 Concluding remarks.

The Pd electrodes prepared by the co-deposition technique show (i) excellent repro-
ducibility, (ii) an increase in the excess enthalpy production with the increase in cell
current and electrolyte temperature, and (iii) the heat sources are located in close prox-
imity to the electrode/electrolyte contact surface.

The search for the evidence of the Pd lattice assisted nuclear events requires well de-
signed cells and a strict adherence to experimental protocols. Thus, X-ray detection ne-
cessitates shielding and placement of the detector in close proximity to the Pd electrode
while tritium production must be based on a complete mass balance. Short sampling
times are required to detect low rates of production.

Note: To our knowledge, electrodes prepared by co�deposition technique were em-
ployed by Hodko and Bockris [18] and Miles [10]. In both cases, remarkable repro-
ducibility was demonstrated.
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CHAPTER 3: EXCESS HEAT AND HELIUM PRODUCTION IN PALLADIUM
AND PALLADIUM ALLOYS.

Melvin H. Miles

1.0 Introduction.

The research effort at the Naval Air Warfare Center, Weapons Division, China Lake,
proceeded along three main paths: (i) the development of accurate calorimetric methods
for detecting excess heat generation, (ii) sampling of the electrolysis gases for determin-
ing helium production, and (iii) monitoring the electrolysis cells for radiation effects.
The review of our research is presented in two parts. The �rst part covers research ac-
tivities at China Lake during 1989 to 1995 that became part of an of�cial U.S. Navy
program titled Anomalous Effects in Deuterated Systems, funded by the ONR in 1992.
The second part reviews experiments conducted by the author at the New Hydrogen
Energy Laboratory (NHE), Sapporo, Japan, during October 1997 to March 1998. The
research at NHE focused on producing the following: (i) excess heat in China Lake type
cells using palladium and palladium particles, (ii) excess heat using palladium alloys in
the Fleischmann�Pons Dewar type cells, and (iii) excess heat using the co-deposition
method in the Fleischmann�Pons cells.

2.0 Excess Heat Production.

The main signature for fusion in the Pd/D2O system reported by Fleischmann and Pons
is excess heat production. Their announcement in 1989 excited the world because it
offered the possibility of unlimited, almost free, non-polluting energy. If cold fusion can
be rendered reliable and scaled-up, then it will likely be one of the important scienti�c
discoveries of the 20th century. Unfortunately, the Department of Energy (DOE) panel,
in their report on Cold Fusion, published in November 1989, stated that the China Lake
studies along with those of California Institute of Technology (Caltech), Massachusetts
Institute of Technology (MIT), and Harwell showed no excess heat production.
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Indeed, the initial calorimetric measurements at China Lake showed no measurable
excess heat generation, and this was reported at the Santa Fe, New Mexico meeting,
22�25 May 1989 and later published [1]. However, early in the research, we recognized
that two factors play a decisive role in the initiation and monitoring of the excess heat
production, viz., the metallurgy of the Pd and its alloys and a correct calorimeter design.

2.1 China Lake Isoperibolic Calorimeter.

Various designs were investigated consisting mostly of open, isoperibolic systems. It
was found that the decreasing level of the electrolyte, as D2O was electrolyzed to D2

and O2 gases, was identi�ed as a major error in the calorimetry [1]. To minimize this
problem, the electrochemical cell was placed into a secondary compartment �lled with
H2O, and the temperature was measured within the secondary compartment inside the
calorimeter, Fig. 1. With this design, the electrochemical cell served basically as an
electrical heater for the secondary compartment. These experiments showed that the
ratio of Heat Out/Heat In was 1.00 � 0.04 [1].

Fig. 1 Basic features of the China Lake isoperibolic calorimeter.

2.2 Johnson�Matthey Palladium.

All the early China Lake studies that showed no excess heat production used cath-
odes prepared from palladium wire (Wesgo) of unknown origin. It was later found that
the Wesgo palladium shows very poor loading characteristics. After a few months, a
large diameter (d = 0.63 cm) palladium rod was received from Johnson�Matthey. Two
segments from this rod were studied in two similar calorimetric cells in experiments
that started in September 1989. After about 10 days of electrolysis, both experiments
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showed excess heat production that was well outside the calorimetric error [3]. We later
turned these experiments off for a few weeks and then re-started the electrolysis. Once
again, excess heat was measured[3].

These results were presented at the First International Conference on Cold Fusion
(ICCF�1) in Salt Lake City, Utah, 28�31 March 1990 [4]. It is noteworthy that both our
results and the Fleischmann and Pons results indicate that days of electrolysis are nec-
essary before any excess heat appears and that rather large current densities (exceeding
100 mA/cm2) are required.

The same two initial samples of the Johnson�Matthey palladium rod were later used, cf.
4.1, in the experiments that yielded helium-4 in the electrolysis gas [5]. The Johnson�
Matthey palladium proved to be reliable for producing excess heat in our experiments.
These experiments demonstrated the importance of the metallurgical aspects of the pal-
ladium.

2.3 Naval Research Laboratory Materials Program.

In 1992, our research activities merged with those of NRL in a program funded by
ONR. It was realized, by this time, that the properties of the palladium were a critical
experimental parameter. Consequently, a major program was undertaken to produce
palladium materials that yielded excess heat and to identify the critical parameters of
such material.

In 1994, Imam [6] produced three compositions of a new palladium�boron alloy mate-
rial with nominal concentrations of 0.75, 0.50, and 0.25 weight percent boron. Analyses
showed that the three alloy compositions actually contained 0.62, 0.38, and 0.18 weight
percent boron. Two distinct phases of the same cubic structure were found in all three
compositions of the alloy.

Unlike previous NRL materials, these new Pd-B alloys produced excess heat in almost
every experiment [7]. The only Pd-B sample that failed to produce the excess heat was
one that had a large, folded-over metal region due to the swaging of this rod that acted
as a long crack [7]. Although we had achieved a major Navy goal for this program,
i.e., production of palladium materials that reproducibly yielded excess heat, the ONR
sponsored program was terminated a few months after the report of excess heat for the
Pd-B alloys, and no further research was conducted at China Lake after June 1995.
This same palladium-boron material produced signi�cant excess heat in an experiment
in Japan using the Fleischmann�Pons Dewar type calorimetry (cf. 5.3).

The question naturally arises regarding why the Pd-B alloys proved so successful in
producing excess heat. Possible explanations include the fact that the added boron
signi�cantly increases the hardness of the palladium and the presence of boron also
greatly retards the rate at which deuterium escapes from the palladium metal [7]. There
are also proposals of fusion reactions that involve boron.

The most likely explanation for the bene�cial effect of the added boron is that it mini-

21



mizes the activity of oxygen in the palladium by converting it to B2O3. This B2O3 �oats
to the surface and is removed during the molten phase of the Pd�B preparation. This ex-
plains the lower boron concentrations in the �nal material. The Johnson�Matthey pro-
cess that produced good materials for excess heat generation reportedly used a cracked
ammonia atmosphere, i.e., N2 and H2. Here again, oxygen would be removed from
the palladium by its reaction with hydrogen to produce water. Perhaps this is the key
for reproducible excess heat effects: palladium that is relatively free of oxygen. The
co-deposition method developed by Szpak and Mosier�Boss would also produce pal-
ladium that is free of oxygen contamination. One can speculate that the deuterium in
the lattice reacts with the oxygen impurity to form D2O and that this breaks up the
palladium�deuterium lattice structure.

3.0 Radiation Measurements at China Lake.

We realized our lack of expertise in radiation measurements and never planned on this
becoming any of�cial part of our research program at China Lake. However, radiation
monitoring was required by the safety personnel; hence, we purchased some equipment
including Geiger�Mueller (GM), sodium iodide (NaI) and neutron detectors, as well as
Scalar Ratemeters for monitoring any possible harmful radiation.

3.1 Dental Film Exposure.

The excess heat measurements for the two Johnson�Matthey palladium cathodes at
China Lake led to further experiments using these same two electrodes. These experi-
ments were designed to test for excess heat, X-rays by dental �lm exposure, neutrons
by gold activation, radiation by GM detectors, and helium-4 by the sampling of the
electrolysis gases [5]. Evidence was found for everything except for neutrons [5, 8].
Exposure of the dental �lm X�rays was observed [5]. The �lm positioned the closest to
the palladium cathode (Cell A) showed the greatest exposure [5].

3.2 Measurements Using GM and NaI Detectors.

Anomalously high radiation counts were observed using several different GM detectors
as well as NaI detectors during electrolysis experiments with palladium cathodes in
heavy water [7]. These high radiation counts were often observed in co-deposition
experiments where palladium metal is deposited from a D2O solution onto a copper
cathode in the presence of evolving deuterium gas. The radiation counts reached values
as high as 73 σ above normal background counts. The radiation would appear within
a few hours in the co-deposition experiments. In contrast, the appearance of radiation
required days of electrolysis for the palladium rods [9]. The emission of low intensity
X-rays from similar Pd/D systems was reported by Szpak et al. [10].

3.3 Neutron Measurements.

Neutron emissions from these experiments are very low and dif�cult to detect. Our
measurements were strictly for safety concerns. We used a Ludlum Model 15 neutron
survey meter that was placed close to the water bath containing the electrochemical
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cells. We used only an audio detection signal and never recorded any neutron counts
versus time for either the experiments or the background. Our one experiment using
neutron activation of indium and gold foils mounted at the surface of the electrochem-
ical cells shows that any neutron production would have to be less than 105 per second
[5].

4.0 Helium Measurements.

Two major theories had predicted that helium-4 would be the main fusion product in
the Pd/D system prior to our experimental measurements and had also predicted that the
helium-4 would be present in the electrolysis gases. The �rst, by Preparata [11], was
based on Quantum Electrodynamics (QED) while the second, by Chubb and Chubb
[12], was based on Ion Band States. It is noted that the �rst solid evidence for helium
production was reported by us. Following our initial measurements of helium-4 pro-
duction in the Pd/D system, a number of other laboratories have veri�ed this result.
Very strong evidence for helium-4 production is found in the recent work of Arata et al.
[13] and McKubre et al. [14].

4.1 Samples Collected in Glass Flasks.

Our initial report of helium-4 production during excess heat events in D2O electrolysis
experiments was published in March 1991 [15]. In these experiments, the �ow of the
electrolysis gases was directed through a 500 mL glass �ask and then through an oil
bubbler to the outside atmosphere. A positive pressure was maintained within the sys-
tem to minimize any atmospheric contamination. These experiments began 3 October
1990 and ended 25 December 1990. The system was thoroughly �ushed with boil-
off N2 gas whenever a glass �ask was replaced or when D2O was added. The collected
electrolysis gas samples were sent to the University of Texas for helium analysis. Based
on these experiments, helium-4 is the major product when excess heat occurs [15].

A major criticism of these results was the possibility of atmospheric helium-4 con-
tamination, especially due to the known diffusion of helium through glass. It was
precisely because of these concerns that we conducted control experiments performed
using H2O+LiOH in place of D2O + LiOD. These control studies gave no evidence
of helium-4 production [5, 7, 8, 15]. Our �rst D2O + LiOD electrolysis gas sample
(10/17/90�A) also served as a control since there was no signi�cant excess heat and
no helium-4 detected [5, 7, 11, 16]. Our controls, therefore, covered time periods both
before and after the excess heat experiments; this refutes arguments by critics that we
were simply getting better at keeping out helium-4 [16].

4.2 Samples Collected in Metal Flasks.

These helium-4 experiments were repeated using metal �asks for collecting electrolysis
gas samples to rule out the possibility of helium diffusion through glass. All experimen-
tal conditions were intentionally kept the same except for the use of the metal �asks.
The helium-4 measurements for the metal �ask samples were performed at the U.S. Bu-
reau of Mines, Amarillo, Texas, laboratory that specialized in these measurements. The
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end result was the same as before. The electrolysis gas samples collected in metal �asks
during excess heat production also contained excess helium-4 [7, 17]. Furthermore, the
rate of helium production could now be established at 1011 to 1012 atoms per second
per watt of excess power [12, 17]. This is the correct magnitude for typical deuteron
fusion reactions that yield helium-4 as a product.

4.3 Summary of Helium Measurements.

A total of thirty-three experiments were conducted that involved the measurement of
helium-4 in the electrolysis gas. In experiments producing excess heat, 18 out of 21
also produced helium-4. Two experiments using a Pd�Ce cathode produced excess
heat, but no helium-4 was detected [7]. The explanation is that the helium-4 remains
trapped in this alloy. The third experiment involved a �awed excess heat measurement
due to an unusually low D2O level in the cell [7]. For all 12 experiments where no
excess heat was produced, there was no evidence for helium-4 production [7]. The
probability of �nding the correct relationship between excess heat and helium-4 in 30
out of 33 experiments is about one in a million [7]. The probability of also observing
the correct magnitude of helium�4 production (1011 to 1012 atoms per second per watt
of excess power) in each experiment due to random errors is a very unlikely situation.

5.0 Research at NHE.

No further research in the Pd/D system was done at China Lake after the ONR fund-
ing ended in June 1995. However, a New Energy Development Organization (NEDO)
appointment became available to work at the New Hydrogen Energy (NHE) laboratory
in Sapporo, Japan, from late October 1997 until the end of March 1998. Numerous
calorimetric data were collected. Much of this data still awaits extensive analysis.

5.1 China Lake Calorimetry at NHE.

The �nal two cold fusion experiments at China Lake in 1995 involved tests of 1.0 mm
diameter Johnson�Matthey palladium wire. One experiment produced 200 mW of ex-
cess power while the other did not [7]. These same two cells, electrodes, and calorime-
ters were used again at NHE in Japan. The only major change was the use of aluminum
foil rather than water in the secondary compartment surrounding the cells. This change
made the calorimetric system much more sensitive to the detection of excess power
( � 5 mW versus � 20 mW). Once again, the palladium wire that produced excess heat
in China Lake produced signi�cant excess heat at NHE in Japan. The other palladium
wire also performed as before and produced no measurable excess heat effects. These
results have been recently published [18].

5.2 Cells Using Platinum and Palladium particles.

These experiments in China Lake cells were designed to give dynamic electrolysis con-
ditions by using small palladium and platinum particles. These particles were actually
miniature cylindrical rods with the dimensions of 0.6 to 0.65 mm diameter and 0.65
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to 0.70 mm length. The China Lake calorimetry was used to test platinum particles in
Cell A as a control while palladium particles were investigated in Cell B [19]. Figure
2 shows the electrochemical power along with the output power for the cell containing
palladium particles.
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Figure 2. The electrochemical power and output power for the palladium particles in
Cell B.

After about a week of electrolysis, the output power began to exceed the input power
to the cell. This excess power was nearly 100 mW for direct current electrolysis. The
electrochemical input power was switched to pulse power at 20490 minutes. This in-
volved a peak voltage of nearly 100 V, a peak current of 6 A, a pulse width of 1.0 µs,
a pulse frequency of 5 kHz, and an average electrolysis current of 0.012 A [19]. As
shown in Fig. 2, larger amounts of excess power exceeding 200 mW were observed.
The cell containing platinum particles gave no excess power for either direct current or
pulse electrolysis [19].

The small metal particles jostle about during electrolysis; hence, new surface areas are
continually exposed to the metal/electrolyte interface where electrolysis occurs. This
experiment was designed to give a �uidized bed electrolysis effect, but the metal par-
ticles were too heavy. The many tiny palladium particles make these experiments less
sensitive to the variables that produce excess heat in one palladium rod, but not in an-
other similar rod.

5.3 Palladium Alloy Cathodes in Fleischmann�Pons Type Cells.

The three Dewar-type electrochemical cells used at NHE were silvered in their top
portions so that heat transfer is con�ned almost exclusively to radiation across the un-
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silvered part. The palladium cathodes selected for the �rst calorimetric studies in these
cells were Pd-Ce-B, Pd-B (0.5 weight % boron), and Pd-Ce. These experiments require
accurate determination of the radiative heat transfer coef�cient and the water equivalent
of the cell. The approximate methods used for the analysis are discussed elsewhere [20].
These approximate methods show no measurable excess power for the Pd-Ce-B cell and
signi�cant excess power for the Pd�B and Pd�Ce cells [19, 20]. Figure 3 presents the
excess power for the Pd�B experiment using the Fleischmann�Pons calorimetry.

Fig. 3. Excess power measurements for the Pd-0.5B cathode in Cell A-2.

The data set from this Pd�B experiment has been examined in detail by Fleischmann
and his results are presented elsewhere in this report. This independent evaluation of
the raw data by Fleischmann shows the same general trends as Fig. 3, but the excess
power is signi�cantly higher. Comparisons of these two methods show that the radiative
heat transfer coef�cient used for Fig. 3 is 4.64% too small (8.112x10 � 10 W/K4 versus
8.5065x10 � 10 W/K4). The NHE method used for this experiment as well as for other
experiments [21] is found to be completely invalid [21]. An interesting feature of this
Pd�B study is the early onset of the excess heat effect.

Excess power measurements for the Pd�Ce cathode in the Fleischmann�Pons type cell
is presented in Figure 4.

This Pd�Ce material was obtained from Fleischmann and gave signi�cant excess heat
in a previous study at China Lake [7]. The radiative heat transfer coef�cient used for
the results shown in Fig. 4 was 8.000x10 � 10 W/K4. An independent evaluation of the
raw data for this experiment by Fleischmann is in progress.
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Figure 4. Excess power measurements for the Pd-Ce cathode in Cell A-3.

5.4 Co-Deposition Experiments in Fleischmann�Pons Type Cells.

The method of depositing palladium from solution onto a copper cathode in the pres-
ence of evolving deuterium gas was �rst reported by Szpak et al. [22]. For the experi-
ments at NHE, a modi�ed plating solution was used consisting of 0.025 M PdCl2, 0.15
M ND4Cl, and 0.15 M ND4OD in D2O [19]. No lithium salts were used. The mixing
of these chemicals produced an orange solution and the formation of a precipitate. This
precipitate was likely Pd(OD)2 due to the rather high initial pH of the solution (pH=9
to 10).

Three co-deposition experiments were conducted at NHE using the Fleischmann�Pons
calorimetric cells. The initial current was 0.006 A in each cell. The deposition of
palladium onto the copper cathode was visible within a few minutes, and the copper was
completely covered by a dark palladium deposit within 30 minutes. After 24 hours, the
plating solution was nearly clear and gassing was readily visible at the Pd/Cu cathode.
The current was then increased to 0.100 A in each cell. On the second day, the solution
had turned to a pale yellow color. The current was then increased to 0.200 A, but a
chlorine odor developed in the room; hence, the current had to be reduced to 0.020 A
for the weekend. The following week, the cell currents were increased to 0.100 A, then
0.200 A, and �nally to 0.400 A without any further problems with the chlorine odor.

The excess power for these three co-deposition cells is shown in Figure 5.

Excess power is generated in each cell. During the last 2 days of this experiment, about
400 mW of excess power was present in both Cells A-1 and A-3 while about 100 mW
of excess power was present in Cell A-2. These results have been included in a refereed
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Figure 5. Excess power measurements in co-deposition experiments.

publication [23]. The raw data sets for these experiments still await complete analysis.
Based on other independent analysis for these Fleischmann�Pons cells, even larger ex-
cess heat effects are likely. The co-deposition results for Cell A-2 were evaluated by
Fleischmann, and results reported at the March 2001 meeting of the American Physical
Society [24]. There is clear evidence for positive feedback effects in this experiment
[24].
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6.0 Concluding Remarks.

This new �eld of anomalous effects in the Pd/D system has endured a dif�cult 12-year
survival struggle. Many scientists who have persisted with this research have seen their
careers placed in jeopardy. Nevertheless, no scienti�c publications have clearly dis-
proved any claims of excess heat, helium production, radiation, or tritium. In contrast,
similar results for this research have been reported by many laboratories around the
world. Unfortunately, this new �eld was dismissed from the scienti�c table in 1989 by
ridicule rather than by the proper application of the scienti�c method. A recent book
has clearly documented this struggle [25]. In the end, the scienti�c truth about this �eld
will prevail.
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CHAPTER 4: ANALYSIS OF EXPERIMENT MC�21: A CASE STUDY.

S. Szpak, P. A. Mosier�Boss, M. H. Miles, M.A. Imam, and M. Fleischmann

PART I: DEVELOPMENT OF DIAGNOSTIC CRITERIA.

I/1.0 Introduction.

In the text, frequent reference is made to the �ICARUS methodology� and �experiment
MC-21�. The term ICARUS is an acronym for Isoperibolic Calorimetry: Acquisition,
Research and Utilities System. It is a document specifying cell design, operating equip-
ment, experimental protocol, and data analysis. Experiment Mc�21 identi�es an exper-
imental run conducted by M.H. Miles at the New Hydrogen Energy (NHE) laboratories
in Sapporo, Japan, while on leave from the NWC China Lake.

This chapter contains two parts. the �rst deals with the development of diagnostic
criteria for the assessment of excess enthalpy generation based on the modelling of the
isoperibolic calorimeters used and leading to the de�nition of a number of versions of
the heat transfer coef�cient. These heat transfer coef�cients de�ne the behavior of the
calorimetric systems. The second part contains the application of these criteria to a
speci�c run, e.g., that of experiment Mc�21.

I/2.0 Symbols used.

Cp � g � heat capacitance of the D2O vapor. [J(gMole) � 1K � 1]
Cp � l � heat capacitance of liquid D2O. [J(gMole) � 1K � 1]
Ec

�
t 	 � cell voltage at time t. [V]

Eth � b � thermoneutral potential at the bath temperature.[V]
F � Faraday constant. [coulombs (gMole) � 1]
H
�
t � ti 	 i � 1 � 2 � Heavyside unity shift function. � H �

t � ti 	 � 0 for t � ti;
H
�
t � ti 	 � 1 for t

�
ti].

∆Hev � rate of evaporative cooling. [W]
∆Hnet

�
t 	 � rate of net enthalpy input at the time t. [W]
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I � cell current. [A]
ki � j � l � heat transfer coef�cient. [WK � 4].
L � latent heat of evaporation. [J(gMole) � 1

M� number of mole of D2O at t � 0.
P � vapor pressure at the cell temperature. [bar]
P � � atmospheric pressure. [bar]
PD2 � pressure of deuterium. [bar]
Q f

�
t 	 � generation of excess enthalpy in the cell at time t. [W]

t � time. [s]
∆θ �temperature difference between the cell and the water bath. [K]
θb � bath temperature. [K]
µ �chemical potential. [J]
µ � electrochemical potential. [J]
τ � time. [s]
φ � Galvani potential. [V]
Φ � proportionality constant relating conductive heat transfer to the radiative

I/3.0 Calorimetry: the governing equation.

At low to intermediate cell temperatures (i.e., 30 � C � θ � 80 � C), the behavior of the
calorimeters, shown in Fig. 1, is modelled adequately by the differential equation:�

Cp � lM d∆θ
dt � � � � Ec � Eth 	 I � � �Q f

�
t 	�� � �∆QH

�
t � t1 	�� ∆QH

�
t � t2 	�� ��

3I
4F

�
P
�
t 	

P � � P
�
t 	 � � � Cp � g � Cp � l 	 ∆θ

�
t 	 � Ll � � �"! k #R � � θb

� ∆θ
�
t 	$	 4 � θ4

b �&% (2)

where terms in square brackets indicate that the time rate of change in the enthalpy
content of the calorimeter equals the sum of the rate of enthalpy input due to electrol-
ysis, rate of excess enthalpy generation, the calibration pulse less the rate of enthalpy
removal in the gas stream, and the rate of heat transfer to the water bath, given in Eq.
(1) by the rate of radiative transfer alone.

In arriving at Eq. (1), we have made a number of approximations,1 the major one being
the representation of the heat transfer term

� k0
Rθ3

b � 1 � γt � � � θb
� ∆θ

�
t 	'	 4

θ3
b

�
4Φ∆θ

�
t 	 � (3)

by the purely radiative term with an appropriate increase of the radiative heat transfer
coef�cient to k #R. As we have shown elsewhere [1], this leads to a small underestimate
of the heat output and, therefore, to a small underestimate of Q f .2 At the �rst level of

1Extensive discussion can be found in e.g., ref. [1].
2We have sought throughout to ensure that all approximations should lead to underestimates of Q f .
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Fig.1. Silvered Dewar calorimeter.

approximation, we can neglect the residual small time dependence of the heat transfer
coef�cient.

With the calorimeters supplied with the ICARUS systems, the conductive contribution
to heat transfer was very small. In fact, if this term was �lumped� into the radiative
term by allowing for a small increase in the radiative heat transfer coef�cient:

radiative heat transfer � �
k # � 0R 	(� 1 � γt ��� � θb

� ∆θ 	 4 � θ4
b � (4)

then the values of the �pseudo-radiative� heat transfer coef�cient derived
(k # � 0R 	)� 1 � γt], were close to those calculated from the Stefan-Boltzmann coef�cient and
the radiative surface area.3 4

If the time dependence of the heat transfer coef�cient is not included explicitly in Eq.
(3), then

radiative heat transfer � �
k #R 	)� � θb

� ∆θ 	�� 4 � θ4
b � (5)

where the radiative heat transfer coef�cient (k #R) now shows a weak time�dependence.

3Typical values: 0.72 * 10 + 9 WK + 4 , (k - . 0R / [1 � γt] , 0.76 * 10 + 9 WK + 4. However, for the cell used
in the experiment Mc�21, this �pseudo-radiative� heat transfer coef�cient is 0.85 * 10 + 9 WK + 4 so that the
conductive contribution was evidently increased. We have to assume that this increase in the heat transfer
coef�cient must have been due to a �softening� of the vacuum in the Dewar calorimeters.

4An increase in the �pseudo-radiative� heat transfer coef�cient can normally only be observed if the cells
are �over�lled� with D2O during the periodic replenishment of the cells. This �over�lling� of the cells leads
to the approach of the electrolyte level to the base of the Kel-F plug sealing the cells thereby increasing
the conductive losses through the top of the cell. This effect (which leads to a 4 to 5 % increase in the
�pseudo-radiative� heat transfer coef�cient) can be observed in the results for day 61 of experiment Mc 21.
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I/4.0 Excess enthalpy generation.

Whether or not a particular cell generated excess enthalpy is determined by energy
balance. We, therefore, need to examine all the terms in Eq. (1).

I/4.1 Enthalpy removal by gas stream.

In calculating the rate of enthalpy removal by the gas stream, Eq. (5),�
3I 0 4F 	)� P 0 � P � � P 	���� � Cp � g � Cp � l 	 ∆θ �

L � (6)

we have always assumed that the partial pressure of D2O in this gas stream can be
calculated using the Clausius�Clapeyron equation with the latent heat of evaporation, L,
being that at the boiling point. Evaporative cooling only becomes an important term at
temperatures close to the boiling point (at ca∆θ � 70 � C) where these two assumptions
are justi�ed. At low to intermediate temperatures, ∆Hev

�
t 	 is a minor correction term

so that errors due to the two assumptions introduce second order small quantities. In
particular, the errors introduced by neglect of the temperature dependence of the latent
enthalpy of evaporation are � 0.1% under all conditions of operation of the cells. It is
also important to bear in mind that such errors are further reduced for all evaluations
of the �true� heat transfer coef�cients, as these evaluations are based on differences in
temperature induced by the calibration pulses (or on differences in temperature induced
by �topping� up of the cells or perturbations of the current density; such methods of
calibration are not considered in this report).

The parameters required for this calculation were contained in data �les of the ICARUS-
1 and ICARUS-2 software and were identical for both systems5. The Handbooks [2,
2A] contained speci�c instructions that some of these parameters would need to be
changed (here, θb and P � ; see below) as well as instructions as to how such changes in
the parameter listing were to be carried out.6

The �rst of these changes is the adjustment of the boiling point to the value which
5The values installed in the programs as supplied were:

Cp . l = 84.349 J Mol 1 1 K + 1

Cp . g = 44.500 J Mo1 + 1K + 1

θb = 374.570 K + 1

F = 96484.56 C Mole + 1

R = 8.3 14410 J Mole + 1K + 1

L = 41,672.600 J Mole + 1

P = 1.003 Ats
6However, it appears that values of the rates of evaporative enthalpy loss close to those given in the NHE.

Analyses may be calculated for low to intermediate temperatures using the parameter listing supplied with the
instruments, i.e., the changes required were not made. (It also appears that the latent enthalpy of evaporation
was not corrected for changes in temperature.) The consequent errors are suf�ciently small that they do not
invalidate the analyses. However, the values of the rates of evaporative enthalpy loss contained in the (k -R / 11-
spreadsheets of the NHE analyses for temperatures close to the boiling point cannot be calculated with any
values of the parameters close to those contained in the listing supplied with the instruments. This matter has
not been investigated further as it is in any event necessary to make three further changes if experiment cycles
close to the boiling point are to be evaluated.
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applies to the ambient atmospheric pressure.7 The values of P � that have been used in
the present interpretation have been obtained from the Sapporo Airport. Furthermore,
it has been assumed that the pressure in the cell is the same as the ambient pressure,
although it may well be that the pressure in the cell was somewhat higher than this
value.

The second change is that it is necessary to take note of the fact that the boiling point
corresponds to that of the electrolyte solution in the cell. It has been assumed that this
correction is given by that for an ideal solution
∆θbp

� �
R 0 L 	 � θ2

bplnx1 	 where x1 is the mole fraction of the D2O in the electrolyte.
It will be evident that this correction becomes especially important on day 68 when the
cell contents are driven to dryness. In that case, the boiling point must be adjusted at
each measurement interval as the D2O content of the cell decreases. The values of the
boiling points appropriate for the interpretation of the experimental data for day 68 are
discussed further in vol. II/5.0

I/4.2 Rate of re�ux.

The third change again applies speci�cally to day 68, namely, an allowance for the
effect of re�ux in the cell. In order to evaluate the effects of re�ux, we need to take
note of the fact that the vapor space in the cell is �lled predominantly by D2O as the
cell is driven to dryness. Thus, even at the start of day 68, the mole fraction of D2O
in the vapor space was ca 0.85 for this experiment. In consequence, heat transfer from
the vapor phase to the walls of the Dewar (to provide the enthalpy input required by
radiation across the vacuum gap) was dominantly from the D2O content of the vapor.
We also need to take note of the fact that the contribution to the heat capacitance of the
vapor phase in the vicinity of the boiling point due to the D2O content of this phase is

� d
�
LP 0 P � 	$0 d∆θ � L2 0 Rθ2

bpe 2 � L∆θ 3 Rθ2
bp 4 (7)

where ∆θ is the temperature displacement from the boiling point. This heat capacitance
is ca 67 times larger than that of equivalent gas space �lled with oxygen and hydrogen
and, therefore, ca 380 times larger than the heat capacitance due to these gases for the
actual working conditions at the start of day 68.

This marked increase in the heat capacitance of the part of the cell �lled with gas and
D2O vapor has two consequences. In the �rst place, the heat transfer across the vacuum
gap must be maintained at the same value as that which applies to the liquid phase.8

Secondly, the radiative output across the section of the Dewar Cells �lled with vapor
must be balanced by the condensation of an amount of vapor suf�cient to supply the
radiative enthalpy.

7It should be noted that the ICARUS-2 system was supplied with the means for the continuous recording
of the barometric pressure, but this facility was evidently disabled following the installation of the system.

8Independent calibrations show that the heat transfer coef�cient for cells �lled with air are about 0.75 of
the values of these coef�cients for cells �lled with liquid [3, 4]. It follows therefore that the marked increase
in the heat capacitance of the cells �lled with D2O vapor at temperatures close to the boiling point must lead
to the maintenance of the heat transfer coef�cient at the value which applies to cells �lled with liquid.
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A �rst approximation for the rate of re�ux in the cell is

rate of re�ux � �
k #R 	 12 f1

�
θ 	 Σ∆M 0 L∆tM0 (8)

where ∆M is amount of D2O evaporated in each measurement interval, ∆t. Equation
(7) represents an upper limit for this extent of re�ux since we are neglecting the heat
transfer to the walls by the deuterium and oxygen in the gas space as well as the effects
of the reheating of this gas space by the liquid in the lower section of the calorimeter.9

It will be evident that analyses based on the use of Eqs. (5�7) can only be approxima-
tions. Two of the most obvious de�ciencies are the use of dilute solution theory in the
interpretation and the neglect of hydrostatic pressure on the boiling points used in the
Clausius�Clapeyron equation. It follows, therefore, that a part of the analyses of the raw
data for the episodes of cells being driven to dryness should be based on assumptions
which are independent of the use of Eqs (5�7). These matters are considered further in
vol. II/5.0.

I/5.0 Heat Transfer Coef�cients: De�nition and evaluation.

The heat transfer coef�cients will be described by the suf�ces used previously, i.e.�
k #R 	 i 5 j � l where i � 1 � 2 � 3 denotes differential, backward integration and forward inte-

gration, j is de�ned at appropriate points below and l � 1 � 2 denotes lower bound and
true coef�cients, respectively. The simplest starting point is to assume that there is no
excess enthalpy generation in the system i.e., Q f

�
t 	 � 0 in Eq. (1) and to evaluate a

lower bound heat transfer coef�cient (i.e., a coef�cient which assumes that the rate of
excess enthalpy generation is zero) at a time just before the end of the calibration pulse,
t � t2: �

k #R 	 1 � � Ec
�
t 	�� Eth � b � I � ∆Hev

�
t 	�� CpM

�
d∆θ 0 dt 	

f1
�
θ 	 (9)

where f1
�
θ 	 � � θb

� ∆θ
�
t 	�� 4 � θ4 is the temperature function.

This, Eq. (9), was the �rst heat transfer coef�cient used in our investigations; hence, the
designation (k #R 	 1. It should be noted that this designation should really be changed so
as to be consistent with the de�nition (8), but this will not be done principally because
the de�nition (10) was subsequently extended to any part of the measurement cycle, the
coef�cient being designated (k #R)11.10

Having obtained (k #R)11, it is frequently desirable to establish the 11-point averages
9The group at the NHE laboratories attempted to determine the values of ∆M directly by adding a con-

densation section to the cells. It was dif�cult to see how anybody could convince themselves that such
measurements could give meaningful results. One would at best have derived information about the re�ux
ratio, a quantity which does not give any useful information about the rate of excess enthalpy generation.
The only useable information is the detection of the time at which the cells are driven to dryness. However,
this time can be determined directly from raw data by noting the fall in the cell current or by direct visual
observation.

10We should perhaps change this designation of (k -R / 101 to denote i 6 1, differential; j = 0, any part of
the measurement cycle; l 6 1, lower bound; but the description (k -R)11 will be retained as it has been used
extensively in earlier reports and papers.
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(k #R)11 so as to decrease the noise.11 Such averaging gives ca 26 independent values for
measurement cycles lasting 1 day, or better ca 52 values for the recommended 2-day
cycles. In turn, it is useful to evaluate the 6-point averages of (k #R)11 which have been

designated as (k #R)11. It is not useful to extend this averaging beyond 6 points, because
any such extension makes the systematic errors (due to the residual decrease of (k #R)11

with time) larger than the random errors.

I/5.1 Determination of CpM.

It is apparent from Eq. (10) that we need accurate values of CpM to make (k #R)11 gen-
erally useful.12 A �rst approach to the determination of the value of CpM for any given
cell is to rearrange Eq. (8) to the straight line form

y � mx
�

c (10)

i.e.,

� Ec
�
t 	�� Eth � b � I � ∆Hev

�
t 	

f1
�
θ 	 � CpM

�
d∆θ 0 dt 	

f1
�
θ 	 � �

k #R 	 1 � j � 1 (11)

and to derive then approximate values of CpM from the slopes of the plots in regions
where the temperature is varying relatively rapidly with time. We can distinguish four
such plots designated by the relevant derived heat transfer coef�cients (k # � 0R 	 151, (k # � 0R 	 161

(k # � 0R 	 171, and (k # � 0R 	 181 according to whether the �tting of Eq. (10) is carried out at times
somewhat above the origin, at times somewhat above t1 (the time of application of the
calibration pulse), at times somewhat above t2 (the time of cessation of the calibration
pulse), or by the combination of the last two time regions, see Fig. 2.13

It should be noted that (k # � 0R 	 151 cannot be evaluated systematically for experiment Mc�
21 because of the irregular schedule of the addition of D2O (see vol. II/1.3). Evaluations
of (k # � 0R 	 161, (k # � 0R 	 171 and (k # � 0R 	 181 for the important data set for day 3 are markedly de-
graded due to the early onset of positive feedback, see vol. II/1.3. The procedure based
on Eq. (10) has limited precision because of the need to differentiate the inherently
noisy experimental data. It is therefore necessary to carry out the �tting procedures
over extended regions of the abscissae, (d∆θ 0 dt 	70 f1

�
θ 	 , so that the data are inevitably

affected by the onset of the positive feedback detected for the operation of the cell on
that day.

In this connection, it should also be noted that separate investigations have shown that
(d∆θ 0 dt 	 is best estimated by using the second order central differences (i.e., the chords

11Other averages can be made but the use of the 11-point average has been found to be especially useful.
12It is apparent that the group at NHE retained the value of CpM speci�ed in the parameter listing rather

than to determine the correct value and to substitute this corrected value in the listing.
13However, there is a measure of ambiguity about the interpretation of the values of (k - . 0R / 1 . j . 1 derived,

which is discussed in vol. II of this report.
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Fig. 2. Evaluation of (k #R 	 181 and CpM according to Eq. (10).

of the curves). More accurate values could be derived in principle by using higher order
differences. However, in practice, the repeated differentiation of the experimental data
(implicit when using higher order differences) leads to an increase in noise if we use
differences higher than the second order.14

In the absence of suf�ciently precise determinations of CpM, the evaluations must nec-
essarily be restricted to regions of time where the contribution of the term CpM

�
d∆θ 0 dt 	70 f1

�
θ 	

is adequately small. In that case, it is adequate to use a �guesstimate� of CpM. This
matter (including the evaluation of a �guesstimate� of CpM) is considered further in
vol. II/2.0. It is next necessary to evaluate a true differential heat transfer coef�cient.
The simplest procedure, giving (k #R 	 2 near the end of the calibration period at time t =
t2, is obtained by including the calibration pulse,15 ∆Q:�

k #R 	 2
� ∆Q

� � Ec
�
∆θ2 � t2 	8� Ec

�
∆θ1 � t2 � I

f2
�
θ 	

� ∆Hev
�
∆θ2 � t2 	 � ∆Hev

�
θ1 � t2 	8� CpM � � d∆θ 0 dt 	 ∆θ2 � t2 � �

d∆θ 0 dt 	 ∆θ1 � t2 �
f2
�
θ 	 (12)

14Objections have often been raised to the procedures which we have adopted based on the fact that we
have not �binned the data,� i.e., we have not signal averaged before the data analysis. However, �binning of
the data� must always be approached with great caution: one should only �bin data� or �bin coef�cients� if
these data or coef�cients are to be expected to be constant over the averaging interval. This is not the case for9
k -R / 11 unless the effects of the term CpM

9
d∆θ : dt / have been taken into account. Once this is done we can,

of course, bin the coef�cients as we have done in deriving
9
k -R / 11 and (k -R / 11 [as well as

9
k -R / 181].

15 9 k -R / 2 was the second heat transfer coef�cient used in our investigations.
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where we now have

f2
�
θ 	 � � θb

� �
∆θ2 � t2 	�� 4 �;� θb

� �
∆θ1 � t2 	�� 4 (13)

In order to carry out such evaluations, it is useful to construct A.4- or A.3-sized plots of
the raw data and then to obtain appropriate averages by using a transparent ruler. This
type of analysis used to be a generally accepted approach but then fell into disrepute.
However, the methodology is now again accepted giving so-called robust estimates.

I/5.2 Precision and accuracy � differential coef�cients.

It may be noted that the errors in (k #R 	 2 are measures of the accuracy of the true heat
transfer coef�cient as the estimates are made in terms of the known Joule enthalpy input
to the calibration heater. Errors in (k #R 	 1 or (k #R 	 11 are measures of the precision of the
lower bound heat transfer coef�cients as there is no independent calibration and there
may be excess enthalpy generation in the system. It is important that (k #R 	 11 and (k #R 	 2
are the least precise and least accurate coef�cients which can be obtained from the raw
data. Statements that the errors are larger than this (e.g., see [5]) simply show that
mistakes have been made in the data analysis procedures and/or the execution of the
experiments.

We have always insisted that the construction and evaluation of plots of the raw data
is an essential prerequisite of the more elaborate data evaluation procedures. For one
thing, it shows whether the noise levels in the experiments were suf�ciently low to jus-
tify more detailed evaluations and also points to malfunctions in the experiments. It also
shows immediately whether the
θ � t and Ec � t transients have relaxed suf�ciently to permit the evaluation of (k #R 	 1
and (k #R 	 2. Furthermore, it gives immediate indications of the presence (or absence) of
positive feedback. As has been pointed out repeatedly all calibration procedures require
that the rate of excess enthalpy generation, Q f

�
t 	 , be constant during the calibration pe-

riods. These matters are considered further in the main text, vol. II/2.0 and vol. II/3.0.

Having obtained the true heat transfer coef�cient at a single point (usually near the end
of the calibration pulse, t � t2) it is important to ask: what is the true heat transfer
coef�cient, (k #R 	 12, at any other time? We can make such an evaluation within the
duration t1 � t � t2 of the calibration pulse simply by using Eq. (11 ) giving (k #R 	 12

rather than (k #R 	 2. Note also that Eq. (11) can be rearranged to the straight line form

∆Q
� � Ec

�
∆θ2 � t 	�� Ec

�
∆θ1 � t 	�� I � ∆Hev

�
∆θ2 � t 	 � ∆Hev

�
∆θ1 � t 	

f2
�
θ 	

� CpM � � d∆θ 	70 dt 	 ∆θ2 � t � �
d∆θ 0 dt 	 ∆θ1 � t �

f2
�
θ 	 � �

k # . 0R 	 162 (14)

which is applicable at times close to and above t1. It is evident, therefore, that such
plots can also be used to obtain estimates of CpM, but the accuracy of such values is
inevitably much lower than the precision of those obtained by the application of the
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corresponding expression for the lower bound heat transfer coef�cient, (k #R 	 161, Eq.
(10). Nevertheless, Eq. (11) is useful because it allows the removal of the effects
of the water equivalent, CpM, on the true heat transfer coef�cient, (k # � 0R 	 162, simply
by extrapolating to zero value of the abscissa. However, the time corresponding to this
point will not be accessible experimentally for calibrations carried out with a calibration
pulse of 6-hour duration for polarizations carried out at low cell currents (although this
time is probably close to t � t2).16

In the regions in which there is no application of a heater pulse, i.e., for 0 � t � t1

and t2 � t � T , the true heat transfer coef�cient can only be obtained from the heating
and cooling curves, i.e. the driving force is the change in the enthalpy content of the
calorimeters rather that ∆Q. It is now sensible to cast Eq. (11) in the form

16A similar comment applies to the determination of
9
k - . 0R / 161: the time at which

9
d∆θ : dt 6 0 / will usually

be accessible to experiments in which t1 6 9 hours. However, no such point can be de�ned for
9
k - . 0R / 171 so

that this determination is mathematically questionable. This is therefore equally true for
9
k - . 0R / 181, although

these extrapolations are certainly sound from an operational point of view.
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CpM � � d∆θ 0 dt 	 ∆θ2 � t � �
d∆θ 0 dt 	 ∆θ1 � t �

f2
�
θ 	 �

� �
k # � 0R 	 152

� � Ec
�
∆θ2 � t 	�� Ec

�
∆θ1 � t 	�� I � ∆Hev

�
∆θ2 � t 	 � ∆Hev

�
∆θ1 � t 	

f2
�
θ 	 (15)

(same for (k # � 0R 	 172.)

If the system is functioning correctly, then it will be found that the L.H.S. of Eq. (14)
is essentially constant (although this constancy can only be probed over a short time
range). The second term on the R.H.S. of Eq. (14) will be much smaller than the term
on the L.H.S., i.e. it is in the nature of a correction term to give point-by-point values of
(k # � 0R 	 152 or (k # � 0R 	 172. It will be evident that the accuracy of these versions of the true heat
transfer coef�cient is limited by the accuracy of the estimates of CpM. This particular
part of the methodology is therefore only useful to serve as a check on the operation of
the cells and methods of data evaluation. Furthermore, it is not possible to apply Eq.
(14) systematically to the time region 0 � t � t1 for experiment Mc�21 in view of the
irregular schedule of addition of D2O to the cell.17

The assumption underlying this part of the account presented in this report is that we
can only determine (k #R 	 12 within the duration of the calibration pulse t1 � t � t2, Fig.
3, and, at a lower accuracy, (k # � 0R 	 152 and (k # � 0R 	 172 in regions adjacent to the origin and
for times adjacent and above t2 respectively. However, this conclusion is incorrect. We
need to make the additional assumption that the rate of any excess enthalpy generation
is constant during any particular calibration period in order to determine (k #R 	 12.

This means that we can only obtain a single value of this heat transfer coef�cient per
calibration period and, consequently, a single value of [(k #R 	 12 � (k #R 	 11]. Two important
points follow from this conclusion. In the �rst place, the precision of (k #R 	 12 must be
very nearly equal to the precision of (k #R 	 11. Secondly, and related to the �rst point,
we see that if we extend the assumption that the rate of excess enthalpy production
is constant during the period t1 � t � t2 to saying that it is constant for the whole
measurement cycle, 0 � t � T , then it is immediately possible to derive (k #R 	 12 over
the whole of this cycle. Thus, if the difference between the true and lower bound heat
transfer coef�cients can be established at any one time [say, ∆

�
k #R 	 t at time t2], then� k #R � t 	�� 12 at any other time t will be given by

� k #R � t 	�� 12
� � k #R 	 � t 	�� 11

� ∆
�
k #R 	 t2 f1

�
θ 	 t2

f1
�
θ 	 t1 (16)

The ratio f1
�
θ 	 t2 0 f1

�
θ 	 2 is of order unity, which implies that the shift

(k #R 	 l2 � �
k #R 	 11 is always close to that at the calibration point.

Equation (15) shows that the precision of (k #R 	 12 is very nearly equal to the precision
of (k #R 	 11.18 It follows that changes in the rates of excess enthalpy production can be

17As has been noted previously (cf vol. II), we have been unable to combine data in the regions just above
t1 and t2 to give a simple equation leading to (k - . 0R / 182.

18The validity of Eq. 15 was established at the time of construction of the ICARUS-2 system.

41



Fig. 3. Schematicof methodologyusedin calorimetercalibrating.

establishedat thesamelevel of precisionasthatof (k
#R 	 11. Thesamecommentsapply

to theprecisionof thetrueheattransfercoef�cient, (k
#R 	 22 relative to thatof the lower

boundheattransfercoef�cient, (k
#R	 21, which is discussedbelow. In consequence,the

changesin theratesof excessenthalpy productioncanbeestablishedwith relativeerrors
� 0.01%,andtheseerrorsdeterminethelevel of signi�cancewith whichsuchchanges
canbediscussed.Of course,theaccuracy of thetrueheattransfercoef�cients remains
determinedby theerrorsof differencessuchasthatof [(k

#R 	 12 �

�

k
#R	 11].

It is importanthereto stressonceagainthat any attemptto calculatethe variationof
ratesof excessenthalpy generationwithin themeasurementcyclesmustalsopaydue
regard to the fact that it is not possibleto calibratethe systemsif the rateof excess
enthalpy generationvarieswith time. It is also importantthat this commentapplies
equallyto any calorimetricsystemwhich we might wish to use. If the rateof excess
enthalpy generationdoes,in fact, vary with time, then D

�

k
#R 	 must be derived from

separateexperiments.This is the situationwhich appliesto experimentMc–21 as is
discussedin vol. II/2.0 andvol. II/3.0. Thecommentsmadein this partof vol. I/5.0
shouldbereadin conjunctionwith vol. II of this report.

Thediscussionof theaccuracy of trueheattransfercoef�cients versustheprecisionof
thelower boundheattransfercoef�cients promptedour searchfor methodsthatwould
increaseboththeprecisionandaccuracy. Thereasonfor thelimited precisionof (k

#R	 11
andaccuracy of (k

#R 	 12 is mainlydueto theneedto differentiatenoisyexperimentaldata
setsin orderto deriveCpM

�

dDq0 dt 	 .
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