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We outline some of the considerations which have prompted our search for 

anomalously fast nuclear reactions of D+ compressed electrochemically into 

Pd (and Pd-alloy) host lattices. The most surprising result has been that the 

generation • of high levels of excess enthalpy is not accompanied by the 

expected levels of tritium and of neutron generation. We outline some of the 

major steps in the development of this particular aspect: it has been found that 

excess heat production is dependent on the protocol of the experiments mainly 

because of "positive feedback". A rationale for such "positive feedback" is 

presented which also explains oscillations in the system properties. We 

illustrate the progressive development leading up to the achievement of 

specific rates of excess enthalpy production of 2:4kWcm-3 at temperatures up 

to 2:I00°C (i.e. of low-grade heat). 



Introduction 

We have described elsewhere (see especially [1],[2],[3]) some of the reasons 

which led us to search for anomalously fast nuclear reactions of D+ 

compressed eletrochemically into Pd and Pd-alloy host lattices. Of special 

importance was our knowledge of the key study by Coehn of the 

electrodiffusion of H+ in fine wires of Pd [4]: one can conclude from this study 

that the mobility of H+ in the lattice follows the Nerast-Einstein relation 

(1) 

so that the hydrogen is indeed present as protons* [2],[3]. The importance of 

this observation lies in the fact that an application of a Born-Haber cycle then 

shows that the protons sit in extremely deep energy wells, of the order 

12eV/H+ [2],[3]. Such a conclusion would not in itself be remarkable were it 

not for the fact that we also know that the protons (or deuterons) are highly 

mobile: at sufficiently high charging ratios (H/Pd or D/Pd) they behave as 

classical oscillators, i.e. they are unbound in the lattice [7]. We can only 

resolve the conundrum of very tightly-bound yet highly mobile protons (or 

• As we have noted elsewhere [3], this study dropped from view in the subsequent literature 
but reappeared following the investigation of Wagner and Heller [5]; a summary of numerous 
investigations up to 1978 is contained in [6]. These investigations have led to the rather 
strange conclusion that the protons are partially screened and the reported partial charges of 
the species are widely variable. However, as we have also noted [3], the experiment design of 
Coehn [4] was sound, whereas that of Wagner and Heller [5] was not; later experiments [6] 
have been based on the design of Wagner and Heller and this probably explains the fi;"actional 
and widely varying charges on the proton which have been reported. Fractional charges can 
only arise if the given species is part of a larger quantum system (e.g. compare dipole 
moments). However, the argument which we develop in the main text is not critically 
dependent on the magnitude of the charge: the protons (or deuterons) must be deemed to be in 
deep energy wells even if they carry a fractional charge. 



deuterons) by assuming that they are part of an extended (macroscopic) 

quantum system so that they can be intensely anharmonically excited. This 

dense proton or deuteron plasma (::lO0M) coexists with an even more dense 

electron plasma (::lO00M) without formation of hydrogen or deuterium atoms 

and we probably need to invoke the intervention of a "third actor". 

The fact that hydrogen and deuterium exist in the host lattice as protons and 

deuterons is also important for quite a different reason, a reason which is 

readily understood within the field of electrochemistry. Decomposition of the 

electrochemical potential, µ0+, according to the formulation of Lange [8],[9] 

(2) 

shows that application of a difference in Galvani potential, �. either within the 

wire (i.e. of an electrical field) or at the electrode-solution interface (i.e. of a 

cathodic overpotential) must kad to marked changes of the chemical potential, 

µD+, i.e. of the potentiaLenergy_o_f D�jD-Jhe_Jatti�� [1],[3],[10]. This is the 

basis of the ll�Qmpr,ession" of D+ in the lattice; we have opted in the main for 

the second strategy because this is the most energy efficient way of producing 

highly compressed D+ in substantial volumes of the host lattice: for 

sufficiently high overpotentials and/or experiment durations, one would expect 

the charging ratio to approach unity [10],[11],[12] leading to changes in the 

heat of absorption of D+ which we discuss below. It is also possible that a 

further phase transformation to a y-phase takes place under these conditions 

[13]. 



Although we have opted in the main for the use of potential differences at the 

electrode-solution interface to achieve high compressions of D+ in the lattice, 

we also note that electrodiffusion should allow one to achieve even more 

extreme compressions than those which can be reached in electrochemical 

experiments. Under special conditions one should be able to attain changes of 

the potential energy equivalent to the changes in kinetic energy which are the 

basis of investigations of "Hot Fusion". The starting point for our investigation 

was therefore not as far removed from the field of "Hot Fusion" as has been 

generally believed. 

We therefore arrive at the central questions which we decided to investigate 

which were: 

"given that D+ can be generated in a highly compressed state in Palladium 

host lattices and exists in a macroscopic quantum state under these conditions, 

would the rates of the nuclear reactions of D+ be changed compared to those 

observed for isolated pairs of ions?" 

coupled to 

"would such changes in the rates be observable?" 

We observe that, whereas we expected the answer to the first question to be 

"yes", we also expected the answer to the second question to be "no". We 

decided to use in the main calorimetric measurements and the outcome of our 

investigations is well known: we observed excess enthalpy generation at levels 



beyond those which can be explained by chemical processes, but also far 

above those which could be attributed to the low levels of the expected nuclear 

reactions [1],[14]: 

+ ➔ 3T(l.01 MeV) + 1H(3.02 MeV) (A) 

+ ➔ 3He(0.82 MeV) + n(2.45 MeV) (B) 

Further work has shown (for review see e.g. [15]) that the branching ratio for 

reactions (A) and (B) differs markedly from unity (unity being found in "Hot 

Fusion") for the low levels of these particular products (ratios of Tin in the 

range 1 Q6-1 Q9 are typically found). 

We restrict attention here to one particular aspect of the investigations, the 

search for the conditions required for high rates of excess enthalpy generation 

at temperatures up to the boiling points of the electrolytes, i.e. "low-grade 

heat". Details of the many strange characteristics of, for example, tritium, 

neutron, charged particle, X- and y-ray generation etc. can be found in the 

various Conference Proceedings (publications listed in [10],[11],[13] and see 

also [16]) as well as in reviews of the subject, e.g. [15]. 

Experimental 

A version of the simple single compartment Dewar-type calorimetric cells in 

current use is illustrated in Fig 1. Heat transfer from the cells to the 



surrounding water thermostats is mainly confined to radiation across the 

lower, unsilvered portion (the heat transfer coefficient is in fact close to that 

given by the product of the Stefan-Boltzmann coefficient and the radiant 

surface area); silvering of the top portion ensures that the system is insensitive 

to the level of electrolyte in the cell or the level of water in the surrounding 

water thermostat. 

The use of a vacuum gap as the thermal impedance ensures that there is no 

storage of energy in this impedance, so that the resolution of time-dependent 

phenomena is relatively straightforward; furthermore, the systems are stable in 

time and all heat transfer surfaces are at unifonn temperatures•. The 

calorimeters have a high degree of flexibility and wide dynamic range and, as 

we have shown (18],[19],[20], can be used at temperatures up to the boiling 

points of the eletrolytes+. This flexibility of the systems is of considerable 

importance to the present study because the experimental protocols can be 

made variables of the investigation (see below). We note that we have at our 

disposal only two state variables of the system, viz the temperature and the cell 

potential (or cell current) so that we can express any observable quantity (such 

as the rate of excess enthalpy generation) as 

• Needless to say, the injection of heat by the electrochemical reactions and the resistive 
heaters used to calibrate the calorimeters is not uniform in space. However, the radial and 
axial mixing times are =3s and =20s respectively [17], whereas the thermal relaxation time 
(see equation (15)) lies between =4,000 and 7,000s. The calorimeters therefore behave as 
"well-stirred tanks". 
+ We believe that much useful new information could be obtained from calorimetric 
measurements of electrode and cell reactions, i.e. the type of approach which we have 
outlined could be applied more generally. 



Qr = /0[electrode materials, solution composition]/1[Ecell(t),0(t)] (3) 

processing variables 
alloy composition 

where we assume that the nature of the function / 
0 

can be separately 

investigated and defined. Others have sought (and recommended, e.g. see [21]) 

that the function f 1 should be further restricted by using isothermal 

calorimetry so that the investigation is based on 

(4) 

(for the nature of the functions h-J5, see (22]). However, we must anticipate 

that the systems are subject to many more variables ( e.g. occupation of 

octahedral and tetrahedral sites, steady and non-steady diffusion and 

migration, phase changes etc; some of these terms e.g. migration depend on 

products of variables) so that most of the terms of the state vectors remain 

"hidden" (in the sense of Lyapunov). In such a situation it is best to also make 

the time-dependence of the accessible variables terms of the state vectors (see 

especially function f5 in (22]; the argument is analogous to the study of the 

time-dependence of chemical reactions). We believe that a sensible starting 

point for such a programme is to make the study of the temperature-time and 

cell potential-time series, as well as the protocols of the experiments, parts of 

the investigation; our wish to do so explains in part our heavy reliance on 

isoperibolic calorimetry and we will illustrate these aspects below. 



Modelling of the Cells and Data Proces.sing 

We have shown [17],[18],[19],[22] that the "Black Box" representing the 

calorimeter can be modelled by the differential equation 

rate of change in the enthalpy content of the calorimeter 
rate of enthalpy input due to electrolysis rate of excess enthalpy generation 

calibration pulse rate of enthalpy removal in the gas stream 

rate of radiative heat transfer to the water bath 
(5) 

In arriving at this expression we have made a number of approximations, the 

major one being the representation of the heat transfer term 

-koe3 [1- (1 + 1,,)Jr] [(ebath + Lie(t))4 +4<I>Li0(r)] R bath 2FM0 03 bath rate of heat transfer from the calorimeter time dependent heat transfer coefficient effect of radiation effect of conduction 
(6) 

by the purely radiative term in equation (5) with an appropriate increase of the 

radiative heat transfer coefficient to kR'. As we have shown elsewhere [17], 

this leads to a small underestimate of the heat output and, therefore, to a small 

underestimate of Qf (we have sought throughout to ensure that all 



approximations should lead to underestimates of Qr). The neglect of the 

residual small time-dependence of the heat transfer coefficient is also justified 

for cells of the design shown in Fig 1, but not for the cells in use up to October 

1989 which were not silvered in the top portion [17]. 

In order to investigate whether or not equation (5) models the calorimeters 

adequately, it is convenient to consider first of all the initial stages of 

polarisation of suitable "blank cells", e.g. containing Pt-cathodes polarised in 

solutions irt D20. For such experiments we can assume 

Qt{t) = 0 (7) 

and, in the absence of calibrations, 

(8) 

so that the temperature-time curves should be determined by 

C P,D20,lM
0

( d:r
e

) = [ E,ell (t) - ErhennoneuJral,bath] [ 

-Mfeva/t) - k�[(ebarh + �0(t))
4 

- 0!arh ] 

(9) 

Fig 2 gives an example of such a measurement. In the interpretation of such 

plots we have found it convenient to place considerable emphasis on the 



"lower bound heat transfer coefficients, (kR')11" which, for the example 

illustrated follows directly from equation (9):* 

, 
{[Eceu(t)-E,hennoneutral,balh ] I -Mlevap(t)-cP,DiO,lM0( d!0)} 

(kRt = 
[(ebalh +�0(t))

4
-e:aih ] 

(10) 

Such values are determined point-by-point with d�0/dt being given by the 

second order forward difference. In order to reduce the effects of random 

fluctuations it is also convenient to consider the 11-point running mean of 
( k� )

11 

which is equivalent to 

(11) 

Needless to say, in the presence of a calibration pulse, the term i1QH(t-t1) - .!1 

QH(t-t2) must be included in the numerators of equations such as (10) or (11 ). 

A major reason for our emphasis on the use of (kR')u is the fact that this heat 

transfer coefficient is independent of any method of calibration such as the 

"square wave heating pulse". The errors in (kR')1 1 therefore give us the 

precision of the measurements (although it could well be argued that for 

"blank experiments" these errors also give us the accuracy). We have found 

that the relative standard deviation of such point-by-point estimates is ::::0.1 % 

• This "lower bound heat transfer coefficient was originally designated as (kR')1 (as it was the 
first coefficient investigated). The designation was later changed to (kR')j 1 where the suffix 
"i" denotes particular ways of making the estimates, e.g. see (kR'h 1 below.' 



[18],[19]; it is not surprising that this can be reduced by using the whole data 

set, for example by taking the integrals of all the terms in equation (9): 

{J:[Enthalpy input (-c)]dt -1 [Mlevap(•)]dt} 

J: [(a bath + tiac. ))4 

- a�h ]dt 

C P,Di0,tM0[ L\0(t) - L\0(O)] 

J: [(abath + L\0(,))
4 -e�h ]dt 

(12) 

Fig 3 illustrates a test of equation (12); we have found that the use of 

prolonged sections of the time series allows us to decrease the relative 

standard deviations to :::0.01% [18],[19],[22] and we will comment below on 

the importance of seeking to make the measurements and interpretations at 

such high levels of precision*. 

The reason why (kR')11 is always a lower bound is because the neglect of any 

rate of excess enthalpy generation, equation (7), inevitably reduces this heat 

transfer coefficient from the true value. However, in this case the time

dependence of (kR')11 in turn reflects the time-dependence of Qr: i_ndeed, one 

can frequently use the maximum value of (kR')11  to make semi-quantitative 

estimates of the "lower bound rates of excess enthalpy generation, (Qr)11" 

[18],[19]. It is naturally preferable to calibrate the systems using the resistive 

heaters. One approach is to make a thermal balance at the single point (02,tz) 

• The fitting of equations such as (12) can be done using linear regression. The calorimeters in 
use up to October 1989 were not silvered in their top portions so that the time-dependence of 
the heat transfer coefficients was appreciable, cf equation (6). These early data sets were fitted 
to the numerical integrals of equations such as (5) using non-linear regression; the precision 
and accuracy achieved were comparable to that in our current work. We will comment further 
elsewhere on the applicability of linear, multi-linear and non-linear regression methods (see 
also [22]). 



shown in the schematic diagram, Fig 4. We have designated such "true" heat 

transfer coefficients (kR')2 (this was the second method we adopted*) given by 

(13) 

Values of (kR')2 are accurate at about the 1 % level. This accuracy can be 

increased to :0.1 % by using long sections of the time series using an approach 

analogous to that leading to equation (12): 

{ 1 [Enthalpy input (-c)] dt -[Enthalpy input (0) ]t 

-1 [Mlevap
(-c)]m +[Mleva/O)]t+llQt 

, -CP,DiO,tM0 [110(t)-ll0(0)]} 
(k

R
) = -,-----------='-----------
22 {1 [(ebalh +11e(-c))

4

-e:a,h]d-r -[(ebalh +110(0))
4

-e:a,h]r} 

where we have designated the origin as (ll0(O),O). 

(14) 

• This is the method of calibration advocated by Wilson et al [23] in a critique of our 
publication [I 7]. However, as we made clear in Appendix 4 of [ 17], we carried out a thermal 
balance at a point just preceding t1 and not at the point t2. The heat transfer coefficient 
required for the balance at t1 is defined as (k4') in [24]. Values of (Qf)4 based on (k'R.)4 are 
slightly lower than those of (Qfh based on (kR'h (however, see comments on "positive 
feedback" below). 



Apart from the usefulness of (kR')2 and (kR')22 in estimating (Qrh for cells 

containing Pd-cathodes polarised in D2O solutions, estimates of (Qr)2 for 

"blank experiments" also allow us to put a limit on side reactions which might 

lead to the generation of an apparent excess enthalpy term. We have found that 

(kR'h is very slightly larger than (kR') 1 1 for such "blank experiments" 

consistent with the generation of 1-2 mW of excess power. The suggestion that 

the observed rates of excess enthalpy generation can be attributed to 

recombination of D2 and 02 in the cells (based on a proposal by Kreysa et al 

[25]) can be discounted*. 

Results and Discussion 

Contrary to the views which have frequently been expressed, it is not very 

difficult to demonstrate the early generation of low levels of excess enthalpy 

for Pd and Pd-based cathodes polarised in 0. IM LiOD in D2O provided the 

calorimetric system has sufficient precision and accuracy. For Pd and Pd

based cathodes it is found that (kR') 1 1  is initially negative, Fig 5A, due to the 

neglect of the exothermic absorption of deuterium in the lattice. This result is 

not as dramatic as appears at first sight because the numerator of equation ( 10) 

tends to zero as t ➔ 0: (kR') 1 1  is therefore especially sensitive to excess 

enthalpy terms in this region of time. This result is also obtained for Pd and 

Pd-based cathodes polarised in 0.lM LiOH in H2O, but for these systems 

(kR')1 1 then increases to reach the true value (kR')2 . By contrast, for 

• We note that there are no exposed metal surfaces in the head spaces of our cells, Fig I .  
Reoxidation of H2 does not take place at oxide coated Pt-anodes; the reduction of dissolved 
o2 is diminished by the degassing of the solution in the vicinity of the cathodes due to 
deuterium evolution. 



experiments in D2O solutions, (kR')11 frequently passes through a maximum 

and (kR')11 never reaches (kR'h• It follows that a further process (or further 

processes) leading to excess enthalpy generation are established. The 

experiments we conduct are based on regular refilling of the cells every two 

days to make up for losses due to electrolysis and, over this duration, rates of 

excess enthalpy generation in the range 1-4% of the enthalpy inputs can 

frequently be observed. Fig 6 illustrates the cumulative excess enthalpy for 

one such experiment; the excess enthalpy due to the exothermic absorption 

and the further excess enthalpy generation can clearly be discerned. The 

importance of such observations is two-fold: first, we observe that these excess 

enthalpies are in the range 10-30cr based on the accll!"acy of the heat transfer 

coefficients and 100-300cr based on the precision (as we have noted above, 

one can make a strong case for basing such estimates on the precision rather 

than the accuracy); secondly, we note that the total excess enthalpies over such 

a two-day period can reach ::lMJ (mole Pd)·1. Already at this stage, therefore, 

we are faced with the dilemma of explaining energies which are outside the 

range of known chemical and physical processes. 

The larger values of the excess enthalpies which we reported [1],[17] (and 

which have also been reported by other research groups) have been based on 

prolonged polarisations of the cathodes (periods up to ::3 months). Table 1 

lists some values observed prior to March 1989 which we took as a basis of 

our view that excess enthalpy generation takes place in the bulk of the 

cathodes.* We believe that the majority of the investigators who have reported 

• The excess enthalpies listed in Table 1 must be judged in the context of a variety of "blank 
experiments" which give a thermal balance at the ±1-3 mW level. Such "blanks" include Pt
cathodes polarised in H2O and D2O solutions, Pd-cathodes polarised in H2O solutions as well 



"positive results" have been unable to detect the lower levels of excess 

enthalpy generation during the initial stages of the experiments ( or else have 

failed to look for these effects). 

Our further early work indicated that there is an apparent threshold in the 

current density in the range 50-l00mA cm·2 below which excess enthalpy 

cannot be observed [17] (for other interesting comments on this phenomenon 

see [11],[12] and the review [15]). An effect which was of special importance 

in the development of this project was the observation of "bursts" in the rates 

of excess enthalpy production and, of these, the one illustrated in Figs 7 A, B 

and C was of special significance [17]. This phenomenon was both remarkable 

and unremarkable: it was unremarkable because the rates of excess enthalpy 

generation reached (say 15W cm·3) were within our range of observations of 

the "normal" phenomenon (say 10·2-102
w cm·3 for I in the range 50- l000mA 

cm·2); it was remarkable because it was observed at a relatively early stage of 

the experiment (=18 days after the start of polarisation), itself lasted ::18 days 

and led to a total output some 8 times larger than the total energy input. 

Moreover, the cumulative output, Fig 7C, (say ::130MJ (mole Pd)·!) was quite 

outside the range of chemical or conventional physical processes.• 

Furthermore, such observations raised the prospect of sustained efficient 

energy production at technologically useful temperatures: it must be borne in 

as Pd-cathodes polarised in D2O solutions but which do not show any excess enthalpy 
generation [ 17]. 
• We termed our early observations of such effects "unexplained rises in the cell 
temperatures". Such "unexplained rises" have also been observed by other research groups 
including one whose members concluded that there was no excess enthalpy generation. 
However, we believe that one can only explain such observations by either excess enthalpy 
generation or, in extremis, malfunction of the instrumentation. It is not possible to conclude 
that the instruments are functioning correctly, yet that there is no excess enthalpy generation. 



mind that the calorimetric systems used in the research are highly energy

inefficient because of the low electrolyte concentration, the relatively large 

anode-cathode spacing and the use of oxygen evolution as the counter 

electrode reaction. 

One key to seeking an explanation for the increases in the rates of excess 

enthalpy production lies in the detailed examination of the temperature-time 

and associated cell potential-time plots used to derive (kR'h and (kR') 1 1  which 

we illustrate here with Figs 8A-C. For early stages of the experiments, Fig 8A, 

we find the expected "normal" behaviour. The temperature-time curve 

following the application of the calibration pulse .0.Q shows the expected 

relaxation with a relaxation time (see Appendix 4 of [ 1 7]) 

1 = 
[4k

' 
0

3 P,
D

�(,

t 

dEce/1 )1] R balh d!:J.0 

C M0 

(15) 

(at (.0.8 1 ,t2)), i.e. the results are entirely as expected. However, -with more 

prolonged polarisation, Fig 8B, we reach a pattern of behaviour which is, at 

first sight, completely anomalous. The perturbation now does not relax 

according to (15): the temperature continues to increase with time so that there 

must be an enthalpy generating process which also increases with time. We 

negative, i.e. the cell is apparently behaving as a refrigerator! Furthermore, the 

"cooling curve" is anomalous (we note that this is a special case of the effect 

of "Heat after Death" [20]) and, at long times, the cell temperature increases 



yet the energy input decreases. At still later stages, Fig 8C, we revert to the 

normal behaviour observed in Fig 8A except that (Qr)2 (at (68 1,t2)) has now 

increased. 

We believe that the explanation of the behaviour illustrated in Fig 8B can only 

be in terms of "positive feedback": the increase in temperature caused by the 

application of the calibration pulse 6Q induces an increase in Qr. In 

consequence, 68cell increases to a level it would not attain if there were no 

"positive feedback" and (kR')2 (at (682,t2)) < (kR') 1 1  (at t 1 ) etc. Such 

intervention of "positive feedback" is entirely reasonable when viewed in the 

context of extrapolations of the known variation of the heat of absorption of 

hydrogen in palladium with the charging ratio, Fig 9 [26]. Measurements of 

the rates of excess enthalpy production as a function of the charging ration 

[ 1  l ] , [ 1 2] show that the "threshold" is in the region in which the aborption of D 

in the lattice changes from being exothermic to being endothermic. Once this 

process has become endothermic, any increase in the cell temperature, such as 

those due to the application of the heater calibration pulse, must lead to further 

increases in the charging ratio and, therefore, of the rates of excess enthalpy 

production. This is one mechanism which can be at the root of the 

phenomenon of "positive feedback", Fig 8B, although it is not clear as yet 

whether the change in sign of the heat of absorption is the only reason for the 

observation of this effect. We note also that there could be several 

explanations for the changes in the thermodynamics of absorption. One such 

explanation is the presence of a further phase transformation to a y-phase at 

high charging ratios [ 13]. Such a phase transformation would explain the 

marked oscillations in cell potential and/or cell temperature which are 



observed in this region, Fig IOA and B, although the mere fact of the transition 

through a region of zero heat of absorption is sufficient reason for expecting 

large fluctuations in the systems variables. We note that Pd-Rh alloys are 

especially prone to show such oscillatory behaviour, although it is shown to 

some extent by all Pd-based cathodes (including Pd itself). The oscillations 

vary in amplitude and frequency and can be regular or irregular so that the 

search for explanations of the effects will have to include a search for the 

characterisation and explanation of the strange attractor(s) which may be the 

basis of the observed effects. 

One feature which is of special importance to the topic of this report is that 

prolonged maintenance of the electrodes in this transition region reduces ( or, 

in the limit can destroy) the phenomenon of excess enthalpy generation. It is 

therefore essential to "drive the system" through the transition region and this 

is one of the major reasons why the protocols of the experiments become one 

of the variables of the investigation. 

We note also that the measurements show other features to be expected for a 

transition from exothermic to endothermic absorption. Thus the increase in the 

rate of excess enthalpy generation due to the application of the heater 

calibration pulse, Fig 8B, may be accompanied by a transient endothermic 

process just as termination of the calibration may be accompanied by a 

transient exothermic effect. These are phenomena which we will discuss 

elsewhere. As far as the main theme of this report is concerned, it is the 

transition from exothermic to endothermic absorption which must lead to an 

increase in the charging ratio with increase of the temperature and the 



maintenance of high charging ratios at "intermediate temperatures", say, up to 

the boiling points of the electrolytes. In consequence, the rates of excess 

enthalpy production increase and it becomes possible to observe the 

production of such "low-grade heat". 

Cells of the type shown in Fig 1 are not well-suited to making calorimetric 

measurements .near the boiling points, but they do at least allow the timing of 

the evaporation of the cell contents, Fig 1 1  (boiling to dryness). Application of 

equations related to (5) allows us to attempt conservative interpretations. 

Although such equations do not contain any adjustable parameters (and we 

note again that (5) provides an exact model of the calorimeters), we can 

impose a degree of flexibility by adjusting the barometric pressure. We can 

therefore base a conservative interpretation on the questions: "what barometric 

pressure do we have to assume to allow the total evaporation of the D20 

without invoking the phenomenon of boiling?" coupled to "what is the time

dependence of the rate of excess enthalpy generation required to explain the 

evaporation?" Fig 1 1  gives an example of such a calculation. For an assumed 

atmospheric pressure of 0.953 bar, the rate of excess enthalpy -production 

would have had to increase to :370Wcm·3 to explain evaporation to dryness. 

However, such an explanation would have required the cell to be half-full 

some 2.3 hours before termination of electrolysis, whereas visual observation 

showed this stage to be reached :1 1 minutes before dryness. Use of a 

barometric pressure of 0.97 bar gives the other time course of the rate of 

excess enthalpy generation which is more closely in line with the visual 

observations. We note also that the observed barometric pressure was 0.966 

bar and it is reasonable to assume that the pressure in the cell was somewhat 



higher than this due to compression in the gas vent. We see that this particular 

explanation requires the rate of excess enthalpy generation to have reached = 

4kWcm·3 at the end of electrolysis. Fig 5B gives the variation of (kR') 1 1 with 

time required for the two extrema of the explanations and we can see that both 

require (kR')1 1  to become negative, i.e. any conventional explanation would 

require a spontaneous flow of heat from the water bath ( at 20°C) into the cell 

(at 100°C). Needless to say, this is beyond the realms of possibility. 

At this stage we must conclude that the actual behaviour must lie between the 

extrema and, evidently, much closer to the second than the first. This therefore 

raises the possibility that it is possible to use such systems for the generation 

of high levels of low-grade heat; part of our current research is concerned with 

the exploration of the parameter space at the boiling points. 
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Legends for Figures 

Fig 1: Schematic diagram of the single compartment open Dewar-type 

calorimetric cells in current use. 

Fig 2: The temperature-time and cell potential-time curves for the first two 

days of polarisation of a Pt-cathode in 0.lM LiOD in D2O. Electrode 

dimensions: 1.5mm diameter, 12.5mm length; cell current: 200mA. 

Fig 3: the fit of the experimental data shown in Fig 2 to equation (12) over the 

time interval 49,500 to 172,000s. Intercept 0.82462 x IQ-9WK.-4; Slope 

458.8JK-1; correlation coefficient 0.99999+. 

Fig 4: Schematic diagram of the methodology used to evaluate (kR')11 and 

(kR')2 

Fig SA: Plot of the lower bound heat transfer coefficient (kR')1 1 as a function 

of time for the initial stage of the polarisation of a Pd-cathode in 0.IM LiOD 

in D20. Electrode dimensions: 2mm diameter, 12.5mm length; cell current: 

200mA. 

Fig 5B: Plots of the lower bound heat transfer coefficients (kR')11 as a function 

of time for the last stage of the polarisation of the same Pd-cathode in O. lM 

LiOD in D20. Cell current: 500mA. 



Fig 6: The variation with time of the total excess enthalpy generated during the 

first two days of polarisation of a Pd-cathode in 0.lM LiOD in D2O. Electrode 

dimensions: 2mm diameter, 12.5mm length; cell current: 200mA. 

Fig 7 A: Cell temperature-time and cell potential-time plots for the polarisation 

of a Pd-cathode in 0.lM LiOD in D20. Electrode dimensions: 4mm diameter, 

12.5mm length; current density 64mA cm·3 ; bath temperature 29.87°C. 

Fig 7B: The rate of excess enthalpy generation for the experiment illustrated in 

Fig 7A. 

Fig 7C: The total specific excess enthalpy as a function of time for the 

experiment illustrated in Figs 7A and 7B. 

Fig 8A: Temperature-time and cell potential-time curves for the polarisation of 

a Pd90 AglO electrode in 0.lM LiOD in D2O before the onset of "positive 

feedback". Electrode dimensions: 4mm diameter, 12.5mm length; cell current: 

500mA. 

Fig 8B: The temperature-time and cell potential-time curves for the system 

illustrated in Fig 8A but during the stage of "positive feedback". 

Fig 8C: The temperature-time and cell potential-time curves for the system 

illustrated in Figs 8A and 8B but after the completion of the stage of "positive 

feedback". 



Fig 9: The variation of the relative partial molar enthalpy of absorption of 

hydrogen in palladium as a function of the charging ratio. 

Fig 1 0A: Temperature-time and cell potential-time curves for the polarisation 

of a Pd90 Rhl 0 cathode in 0. IM LiOH in H2O. Electrode dimensions: Imm 

diameter, 12.5mm length; cell current: 200mA. 

Fig IOB: Expanded section of Fig I0A. 

Fig 11: The variation of the specific excess enthalpy with time for the last 

stage of polarisation of the system illustrated in Figs 5A and 5B. The 

assumptions for the two plots shown are given in the text. 



Table 1 .  Initial Measurements of the Specific Excess Enthalpy Generated in Pd-rod cathodes. 

Rod I Ecell 9cell Joule Joule Excess Excess 
Dimensions Heat Heat Enthalpy Specific 
& Material Out In Enthalpy 

0 x  /mA N 1
°

C /watt /watt /watt /watt 
Length cm·2 cm·3 

/cm 

Pd 
0. 1 X 1 0  64 3.637 32.83 0.462 0.41 9 0.042 0.53 
0.2 X 1 0  64 4. 1 39 37.78 1 . 163 1 .040 0. 123 0.39 
0.4 X 1 0  64 5. 1 37 48.25 3.38 2.88 0.5 0.40 

0.1  X 1 .25 512  9.08 40.49 1 .67 1 .51 0. 1 7  1 7.3 
0.2 X 1 .25 512 8.25 49.70 3.34 2.68 0.66 1 6.8 
0.4 X 1 .25 512 8.66 70.54 7.88 5.70 2. 1 8  1 3.9 

Al l  data taken in 0. 1 M LiOD inD20 of 99.5% isotopic purity. 
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Fig 1 :  Schematic diagram of the single compartment open Dewar-type 

calorimetric cells in current use. 
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Fig 8A: Temperature-time and cell potential-time curves for the polarisation of 

a Pd90 AglO  electrode in 0. lM LiOD in D2O before the onset of "positive 

feedback". Electrode dimensions: 4mm diameter, 1 2.5mm length; cell current: 

500mA. 
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Fig 8B: The temperature-time and cell potential-time curves for the system 

illustrated in Fig 8A but during the stage of "positive feedback" . 
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Fig 8C: The temperature-time and cell potential-time curves for the system 

illustrated in Figs 8A and 8B but after the completion of the stage of "positive 

feedback" .  
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Fig 9: The variation of the relative partial molar enthalpy of absorption of 

hydrogen in palladium as a function of the charging ratio. 
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Fig I 0A: Temperature-time and cell potential-time curves for the polarisation 

of a Pd90 Rhl 0 cathode in 0. lM LiOH in H2O. Electrode dimensions: Imm 

diameter, 1 2.5mm length; cell current: 200mA. 
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stage of polarisation of the system illustrated in Figs 5A and 5B. The 

assumptions for the two plots shown are given in the text. 
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