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Abstract

Szpak et al. have published a report [S. Szpak, P.A. Mosier-Boss, M.H. Miles, M. Fleischmann, Thermal behavior of polarized Pd/D
electrodes prepared by co-deposition, Thermochim. Acta 410 (2004) 101] that attempts to present more evidence for the nuclear nature of
the Fleischmann–Pons (–Hawkins) effect, and in that process attempt to reject recombination as the alternative cause of their observations.
Unfortunately, they have misunderstood the at-the-electrode, under-the-surface recombination issue. This paper presents the basics of this
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odel, including what physical conditions could produce a calibration constant shift and what might cause those conditions to aris
vidences are discussed and it is shown that the possibility of at-the-electrode recombination cannot be eliminated; in fact prior ph
vidence is shown to be reasonable evidence of this phenomenon. Thus in the absence of definitive data, the conclusion that app
eat arises from a nuclear cause is premature.
2004 WSKC. Published by Elsevier B.V. All rights reserved.
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. Introduction

In [1], Szpak, Mosier-Boss, Miles, and Fleischmann, re-
erred to as ‘SMMF’ hereafter, again propose that appar-
nt excess enthalpy measurements obtained from the co-
eposited polarized Pd/D electrodes is in fact real excess
nthalpy caused by a new nuclear reaction. Their approach

s an adaptation of the original work where three Uni-
ersity of Utah chemists, Fleischmann et al.[2] claimed
o have observed excess heat produced by D-loaded Pd
n 1989. Apparent excess enthalpy is the predominant
lass of evidence offered as proof of a proposed room-
emperature nuclear fusion process that leads to the so-called
leischmann–Pons–Hawkins effect (FPHE) more commonly
nown as cold fusion.

Integration of observed signals has suggested that the
ause must lie in the nuclear realm, because chemical sources

∗ Tel.: +1 803 725 3515; fax: +1 803 725 7900.
E-mail address:kirk.shanahan@srs.gov.

are inadequate for the reported magnitude of apparent e
However, if the apparent excess heat signal is not repres
tive of a true heat source, but is instead an equipment/m
malfunction, integrating the signal is of no value. This pa
proposes that is the situation, and will therefore focus on
amining the phenomenon of apparent excess enthalpy (s
times called excess heat). Not addressed will be the myr
other purported evidences of nuclear reactions. The app
excess heat claims form the largest block of claims for a
clear FPHE cause, and the correlation of apparent exces
with apparent nuclear ash detection is often cited as evid
of the nuclear nature of the FPHE. For example, SMMF
a study by Szpak et al.[3] where tritium production is mon
itored along with recombination efficiency as evidence
recombination is not relevant. But confidence in the vali
of the apparent excess heat signal is of critical import
in validating a nuclear explanation. If the heat signal is e
neous, any correlation to nuclear ash production must al
erroneous, and the nuclear ash measurements likely spu
This is a critical realization.
040-6031/$ – see front matter © 2004 WSKC. Published by Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.11.007
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2. Discussion

2.1. SMMF’s objection to recombination

In Section2.3 of their paper, SMMF contend that there
is no experimental evidence for a significant contribution to
apparent excess enthalpy from ‘recombination’, and cite the
work of Szpak et al.[3] and Will [4]. Further they cite a cal-
culation by Fleischmann and Pons[5] purporting to prove the
heat generated by this recombination would be at most 6 nW
per ‘hot spot’, and that heat would be rapidly dissipated in
the metal electrode. Unfortunately, Szpak and his coauthors
(in fact, most of their colleagues in the cold fusion research
field) make a fundamental mistake exactly at this point. The
references cited clearly deal with electrochemical oxygen re-
duction, a parasitic reaction whose impact is largest at low
cell current. That reaction is mediated by dissolved oxygen.
This author completely agrees with this point; electrochemi-
cal reduction mediated by dissolved oxygen is not significant
to the apparent excess enthalpy issue. Thus SMMF’s use of
the three references to eliminate recombination as the appar-
ent excess’ source is irrelevant.

This author proposes the simple burning of hydrogen with
oxygen to form water, as the source of the apparent excess.
This is clearly not an electrochemically-mediated process, as
it can occur anytime an oxidizable mix and a method to ignite
t izer,
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given the variability possible in this computation, represents
good agreement between the computation and the results.

The Szpak group[6–9] has photographed ‘cold fusion ac-
tive’ cathodes with an infrared video camera and have ob-
served a large number of short-lived hot spots on the cathode
during apparent excess heat production. SMMF contend that
the hot spots observed photographically cannot arise from
recombination. However, we have shown here that it is pos-
sible if enough bubbles of the right size and composition are
ignited. The size of the hot spots in the pictures is consis-
tent with small bubbles, probably of mixed D2 and O2 that
ignite and burn. A rough estimate of the number of bubbles
burning in a 1 s period can be made by counting the number
of spots on the image. In[9], pictures of an active electrode
show anywhere from zero to a few thousands of hot spots on
the electrode in a given frame (each frame representing about
1 s of elapsed time). Presumably, the highest apparent excess
enthalpy production correlates with the largest number of hot
spots per frame. This number is consistent with the simple
computation above.

This reaction occurring at an electrode would provide an
additional heat source in an open cell, or would involve a
redistribution of heat sources in a closed cell. In Shanahan
[10], a set of cold fusion data supplied by Dr. E. Storms ob-
tained from a closed cell apparatus was reanalyzed under the
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hat mix is present, the classic fire safety triad of fuel, oxid
nd ignition source. The only unique aspect of this prop

s that this burning would occur at the electrode(s), unde
lectrolyte surface in bubbles. The chemistry invoked

s no different from the chemistry invoked to explain ho
ecombination catalyst works. No electrochemical conc
eed be involved, other than to place a limit on the t
vailable recombination heat at any point in time.

As quoted in[1], this author has consistently propos
hat entrained bubbles are the source of the effect, and
ntriguing that SMMF fail to differentiate between dissolv
nd entrained oxygen. SMMF report in point (viii) of Sect
.5 that radial mixing is∼7× faster than axial mixing i

heir cell, so mass transport of bubbles to the other elec
hould be facile. A simple calculation indicates the pote
mount of heat available arising from one burning bubb

his proposed process.
If bubbles were an average of 1 mm in diameter, the

ontent of one bubble at 350 K (a nominal cell tempera
ote that SMMF’s cell was operating at closer to 310
ould be 1.82× 10−8 moles. The exact bubble composit

s not known, but if an optimum 2:1 mixture of H2 and O2 and
he 285.8 kJ/mole heat of formation of water is assumed
ubble will produce∼0.00347 J (milliwatts per bubble, n
anowatts), giving from 0.35 to 1.05 J for 100–300 bubb
f course, bubble size is critically important, as the volum

he bubbles is dependent on the cube of the radius, requi
actor of eight more bubbles for a halving of bubble diam
o produce approximately equivalent heat output. SMMF
ort apparent excess heat output ranging up to∼0.3 W, which
ssumption that no excess heat was present. It was foun
variation of±2.5% in calibration constants was all t
as required to account for the apparent excess heat w

nvoking novel new nuclear processes. We now clarify
eat source redistributions in closed cells would produce

bration constant shifts and thereby apparent excess ent

.2. Model of a heterogeneous calorimeter/closed cell

The standard approach to interpret calorimetric data
lly assumes a homogeneous calorimeter, or at least th

nhomogeneities present are irrelevant. We will show be
hat a heterogeneous calorimeter model is more appro
o understand the origin of apparent excess enthalpy.

For simplicity, this discussion will initially be restricted
he case of flow calorimetry. The flow calorimeter oper
y flowing a fluid around a hot object whose power ou

s to be measured, and the fluid is thereby heated. The
ant temperature increase is measured, and with a co
uid flow and heat capacity, the power output can be m
ured. The basic linear equation used for calibration of a
alorimeter is:

in = Pout = m(Cpf dT) + b

herem andb are the linear calibration constants,Cp the
alorimeter fluid’s heat capacity at constant pressure,f the
uid flowrate, and dT=Tout−Tin, the temperature differen
etween the fluid entrance and exit points of the calorim
in the highly controlled and well-known input power. F

urther simplicity,bwill temporarily be set to 0. This mea
hat in practicem would be determined via the equatio
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m=Pin/Cpf dT, all of which are measured or known quan-
tities. Oncem is determined, it will be used to translate data
acquired from an experimental run into output power (Pout),
and the apparent excess power (Pex) will then be computed by
subtracting the known input power (Pin) from the computed
Pout, i.e.

Pex = Pout − Pin = mCpf dT − Pin

The key assumption in this analysis is one of homogeneity.
The integrating characteristic of the calorimeter is assumed
to negate any concerns about heat distribution and/or flow in
or out of the hot object.

But in a real calorimeter, there are penetrations through the
theoretical boundary that defines the calorimeter. These pene-
trations are due to sensor leads, and in the case of electrolysis-
type cold fusion calorimeters, power leads that run the elec-
trolysis. Typically these penetrations are concentrated in one
area, usually the top of the cell, which is often constructed
of a different material than the body. What this offers is the
possibility that heat losses in the different regions of the cell
might be well different. Specifically, the penetrations might
well conduct some heat away from the integrating fluid, and
that heat would be lost without causing a detected temperature
rise at the calorimeter outlet. Further, objects can be heated
non-uniformly by the chemical/physical process responsible,
p in
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put. The calibration process will then adjust for the losses by
determiningmby assuming the power out equals the power
in.

Now if the postulated heat distribution changed to, say
75% in (1) and 25% in (2), then more of the totalPin will be
captured andTout will increase. Thus the calibration constant
determined under this new set of conditions will be different
in order to keep the computedPout equal to the knownPin.
But note that all that has occurred is that heat losses have
changed; no additional heat sources have been postulated.
Yet the standard calibration constants computed for the two
different steady-states will be different.

In [10], Shanahan pointed out that Storms reported a 1.7%
difference in calibration constants between Joule heater cal-
ibration and electrolytic calibration, and a time dependent
average calibration constant derived from electrolysis cali-
bration. Shanahan reanalyzed the Storms data to show cali-
bration constant variation of±2.5% could explain the appar-
ent excess heat (up to∼0.8 W). As derived there, the apparent
excess power has been computed (now including theb terms)
as:

Pex = (
mc

ms
− 1)Pin + (bc − mc

ms
bs)

where the ‘c’ subscripts refer to the original calibration con-
d tate.
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roducing local ‘hot spots’. This is known to be a problem
nother type of calorimeter (commonly called isoperibo

hat does not integrate heat output with a surrounding ja
ut instead just measures temperature change at a single
hus, inhomogeneity is a recognized potential characte
f a real calorimeter.

The question to be examined herein is whether a mor
listic model of the calorimeter will provide an explanat

or the experimental observations. What will be exam
onceptually is the situation where the heat distribution
ide the cell during calibration subsequently changed du
xperimental runs, i.e. a change in the steady-state cond
ccurred. Note that this is fully equivalent to a change in

oss patterns potentially induced by a change in experim
al conditions. To do so, the complexity of the basic mo
ust be increased somewhat to allow for, at a minimum

egions. The basic assumptions are that the heat captu
ciency of one region is very high, and the other’s, w
eing high, is not as high. Input power will be partition
etween the two regions arbitrarily to establish the base

bration condition and the partitioning changed to exam
he impact of the change.

Initially consider the first region (1) to be of high heat c
ure efficiency (e), 99.9%, and the second region (2) to be
ower (e), 90%, and that the calibration steady-state res
n 50% of the input power being transmitted out through
igh (e) region, and the other 50% through the lower (e
ion. The actual power measured in the calorimeter wi

ower than the true power input due to losses, so the a
nput power terms will be decreased in proportion to the
apture efficiencies to arrive at the actual observed powe
.

ition, and the ‘s’ subscript refers to the shifted steady-s
Thus the actualmvalue will vary depending on the par

ioning and/or efficiency assumptions. In turn themvariation
ill induce an apparent excess enthalpy. In usual prac

esearchers assume no changes and compute output
ith the initial m determined from the original calibratio
onditions. This assumption of steady-state is the funda
al mistake that is being made.

This phenomenon is proposed as the root cause of th
arent excess heat signal in calorimetric data interprete
single region model. The two-region model efficiency

ors are hidden variables incorporated implicitly in the o
egion model calibration constants. Problems arise whe
teady-state shifts due to unknown experimental reasons
xperimental anomaly that would change the heat captu
ciency (such as an air bubble adhering to the extern
nternal cell wall) or alter the heat deposited in a partic
egion can be seen to potentially have a significant impa

This model was developed for the flow calorimeter c
ith linear calibration as a convenience. In fact, the s
roblems should arise in any calorimeter calibrated via

ype of calibration procedure when the steady-state s
his simply reflects the fact that it is impossible to calib
n unstable system.

It should be noted that the use of a Joule heater for ca
ion will normally not allow a redistribution of heat source
ccur, nor will the relevant physical/chemical processes
ould alter heat losses be impacted by whatever appa
auses the FPHE at the electrodes. Therefore, calibrati
ults obtained from a Joule heater are unlikely to sho
PHE.
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2.3. The open cell case

In the case of open cells such as SMMF use, an at-the-
electrode recombination represents an additional heat source
in the cell, as opposed to a heat source redistribution. Nom-
inally, such an additional heat source would be located in
the same region as the calibration Joule heater or electrodes,
and we should expect a more accurate measure of actual heat
deposited, as the calibration conditions would be nominally
the same as would be currently extant. Slight modifications
might occur, however, due to the physical impact of a per-
centage of the bubbles igniting subsurface. This would likely
change the mixing patterns slightly, and might even cause a
slight increase in fluid entrainment in the exiting gas stream.

SMMF cite Ref.[3] to assert that no such recombination
occurs in their cells. That work reports apparent tritium levels
in the electrolyte and gas phases and recombiner efficiency,
but no actual excess enthalpy values. The authors do not ad-
dress accuracy issues, which as shown below, are significant.
In fact, if there really was no excess enthalpy, that work is
probably a good indication of problems with the tritium de-
tection technique being used, as the signal would seem to be
spurious in that case.

SMMF report an apparent excess enthalpy time plot with
several significant excursions, which can be divided up into
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than enough noise needed to produce the reported∼0.3 W
apparent excess enthalpy. The variation between actual and
expected consumption suggests a slight problem with know-
ing how much power was passed through the cell (more water
electrolyzed than expected), and that in turn would also lead
to a slightly inaccurate calibration. This is in agreement with
the observation that heater pulses register apparent excess
enthalpy peaks.

Use of the applied current (I) and thermoneutral voltage
can estimate the available thermal energy arising from recom-
bination as∼1.54I. Szpak reports up to 0.4 A current in Fig.
2, but that is in a brief transient. The largest current sustained
for an appreciable time is 0.3 A. This equates to an available
actual excess enthalpy of∼0.5 W.

This value is a typical value of absolute excess heat mea-
surements (even in light of the calibration constant shift er-
ror). SMMF report an average excess enthalpy in that pe-
riod of ∼0.27 W (which may be overstated due to the afore-
mentioned calibration error concerns), well below what is
allowed.

Thus even assuming the reported excess is accurate, the
recombination extent is at most∼50%, but is probably much
less. The reported 0.5 cm3 discrepancy in collected water vol-
ume is an excess, whereas recombination should produce a
deficit. An excess of collected water could arise from en-
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o-deposition period, and the second occurs in the later
f Fig. 3 after an extended low current period. SMMF re

hat the first large block of such excursions is suspec
ause of other possible chemical reactions. During the se
lock of apparent excess enthalpy activity, they apply th
eater pulses. Interestingly, all three-heater pulses sho
acts in the excess enthalpy curve, although the first s

o be confounded with what may well be an actual FPH
oule heater will not have a FPHE, so the excess enthal
ponse is actually indicative of a calibration problem. W
he heater causes the cell temperature to rise, the powe
ut is miscalculated by the calibration equation produci
ositive excess enthalpy. This evidence implies that th
ess enthalpy curve must be carefully interpreted. A resp
s expected under these conditions whenever the electr
urrent is changed, but this is confounded with a pos
PHE in the later period.

SMMF integrate the apparent excess enthalpy signa
eport that 75 kJ excess enthalpy was detected over th
eriment span. However, as noted previously, if the sign
omputed erroneously, the integration of that signal is va
ess. Further, SMMF seem to include the first block of ev
ven while concerned that the signal may be spurious for
easons. Thus the level of apparent excess enthalpy ac
s unclear.

SMMF report that their D2O consumption was 7.7 cm3

nstead of a computed 7.2 cm3, a 6.5% deviation, and clai
his is within experimental error. As was noted in[10], a
.5% error was able to produce a∼0.8 W apparent exce
nthalpy signal, suggesting that the 0.5 cm3 error is more
rainment of electrolyte droplets in the gases flowing to
ecombiner. This entrainment might well mask any recom
ation effect. As well, entrained electrolyte in the conden
ould easily lead to interference effects in other techniq
uch as liquid scintillation counting (used to detect tritiu
These difficulties can exist in concert with the apparent
bration problems).

SMMF point out in Section 4.1 that the apparent ex
nthalpy events occurring during the charging/co-depos
eriod are potentially spurious, yet they attempt to ana
aid data in Fig. 5 as evidence of ‘heat-after-death’. The d
urve presented in their Fig. 5 shows a decay taking ap
mately 6–7 system time constants, which is actually wi
he span often associated with system stabilization pe
n other work. It is even reasonable to assume some ch
al process active in that time period is slowly expiring.
MMF indicate, this region of the apparent excess en
urve is highly suspect, and their attempt to derive ‘proo
eat-after-death, and thereby cold fusion, needs much
xplanation before being accepted.

As well, both the ‘proof’ of a positive feedback relatio
hip and that of a heat-after-death condition are singula
mples. Replication is required to prove the observed e
re not random coincidences. Replication would also de
trate control of the effect, which is missing to date.

.4. The possible chemical cause of the FPHE

It is likely the unique characteristics of the electr
urface state that offers the possibility of initiating
he-electrode, under-the-surface recombination, altering
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source distributions in a closed cell and introducing additional
heat inside an open cell. The ability of SMMF to alter the ap-
parent excess enthalpy curve by severe current changes was
mimicked by Storms using only Pt electrodes[11], and the
observation of apparent excess enthalpy on Pt electrodes by
Storms[11] and Dash[12] is a critical observation. Obvi-
ously, since Pt does not form hydrides, bulk loading is not
the relevant number. Instead, some special surface state must
bring on the FPHE. This surface state can apparently be ad-
versely impacted by voltage excursions, which suggests it
may be electrochemically formed.

A highly sensitive surface state is already acknowledged
as a relevant factor in cold fusion research. What is not ac-
knowledged is that the primary impact of such a state could
be to promote at-the-electrode recombination, though Szpak
et al. have photographed just such a process. It seems reason-
able to assume that some surface modification occurs to the
electrode with time in service that forms this special state.
The co-deposition process used by Szpak et al. to prepare
their electrodes seems to achieve this state most readily, yet
is susceptible to disturbance, as was shown in their current
work by the impact of the current transient between heater
pulses Q2 and Q3, where the apparent excess enthalpy level
was approximately the same, even though the current was dif-
ferent before and after. The co-deposition process produces a
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and determining the true noise level (not just baseline fluc-
tuation) should be a primary task of cold fusion researchers.
Uncontrolled steady-state shifts produce a non-random noise
component in the studies.

If the proposed surface state is in fact the cause of the
FPHE, until researchers control the formation and extent of
that state, apparent excess heats will likely remain uncon-
trolled and highly variable. Once the possibility of unsteady
states is allowed, any kind of apparent excess heat profile
could be obtained in a given experiment. This severely lim-
its expectations of reproducibility, as reproducibility requires
control. But control is not expected if no actions are taken to
limit the degree of change associated with the proposed sur-
face state formation. Clearly, further research focused on the
surface conditions of cathodes that are showing apparent ex-
cess heat is required to define the actual catalytic surface state.
Unfortunately, the co-deposition process produces a highly
heterogeneous structure, which may complicate that task. Of
more promise is the work on platinum electrodes when com-
bined with modern surface science.

The prior work [10] showing the impact of calibration
constant shifts, combined with the problems evident in the
current SMMF work[1] indicate that cold fusion researchers
have also not appreciated the difficulties in obtaining calibra-
tions that would result in a reliable excess enthalpy compu-
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rolyte contaminants, which are suggested to form the a
urface state.

. Conclusions

SMMF attempt to present more data as proof of the
lear nature of the FPHE, and in that process attempt to
ecombination as the alternative cause of their observa
nfortunately, they have misunderstood the recombina
t the electrode, under the surface issue. This paper h

empted to clearly present the basics of this model, inclu
ointing out what physical conditions could produce a c
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hose conditions to arise. A prior publication[10] describe
he direct impact of a calibration constant shift on the ap
nt excess enthalpy signal. SMMF’s evidences are disc
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he-electrode recombination, in fact their prior photogra
vidence is shown to be reasonable evidence of just tha

As well, the observation of excess enthalpy peaks
ng from heater pulses suggests a calibration error, w
s supported by the disagreement between expected an
erved recovered water. Comparison of the purported e
nthalpy signals with those analyzed in[10] suggests that a
bservations are well within the noise parameters and p
le recombination heat availability. Thus the conclusion
nuclear process has been proven is premature. Clear

alibration process is of prime importance to these stu
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ation. In general, the raw data presented by most cold fu
esearchers is of high quality. However, those resear
hen exceed the reliability of the data by computing ex
nthalpies as they do. This is nothing but a reflection o

nability to calibrate an unstable system combined with
lassic analytical problem of accurately detecting a smal
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