
Analysis of the Published Calorimetric Evidence for P.as and Pmeas must be assess 
the significance of the reported P,, values. 

Electrochemical Fusion of Deuterium in Palladium Second, recombination losses have been as- 
sumed to be negligible (that is, K = 1 0) in 

GORDON M. MISI~LLY,  MICHAEL J. HEBEN, AMIT KUMAR, calculating PceII and P,,, if substantial re- 
REGINALD M. PENNER, MICHAEL J. SAILOR, NATHAN S. LEWIS* combination occurred, PcelI would increase, 

and this would result in smaller, or possibly 
Estimates are given of the raw data that are the basis for the claims of excess power negligible, values of P,,. Only in the last two 
production by the electrochemical charging of palladium in deuterium oxide (D20).  measurements does Pmea, (= P,, + PceII) 
Calorimetric results are also presented that show no anomalous power production in exceed Pa,,; thus, only in these two cases 
either 0.1M LiOD/D20 or 0.1M LiOWHzO (LiOH is lithium hydroxide). Several could an adjustment in the value of K not 
possible sources of error in open-system calorimetry are discussed that can confound completely account for the observed data 
interpretation of temperature changes in terms of anomalous power production. The extent of recombination of H2 and O2 is 

a sensitive function of the cell geometry, 

T HE PRIMARY OBSERVATION SUG- with the first term on the right equal to PceII electrode history, voltage, use of a separator, 
gested as evidence for the cold fusion and the second term equal to P,,,. If no gas and so on (4, j), and, although it may be 
of deuterium (D) in palladium (Pd) escapes from the cell (because of efficient unlikely that K approaches zero for all the 

is the production of excess power by the Pd, recombination processes), then K = 0, and cells under study, a rigorous analysis of the 
which was calculated to exceed the input Eq. 2 yields the expected P,,, = PceII, with calorimetric data requires that K be reported 
power by factors of 4 to 8 under certain all of the applied power resulting in heating in order to obtain reliable values for PceII 
conditions (1). Numerous theories and ex- of the cell contents. Alternatively, if the and P,,. Possible solvent evaporation losses 
periments have been developed to explain gases escape with unit efficiency, then make mass balance determinations based on 
these effects, but the raw data that reflect the K = 1, and PceII = (E,,, - 1.54 V) I This the rate of liquid D 2 0  loss (1) a question- 
actual magnitude and conditions of the ob- latter condition results in the minimum able method for establishing the value of K; 
served excess power production were not heating of the cell for a given value of P,,,. a more reliable method would be collection 
presented in the original description of the In their analysis of the calorimetric data of the gases followed by volumetric and 
work The purpose of this report is to ( I ) ,  Fleischmann, Pons, and Hawkins as- compositional analysis during the calorimet- 
present these raw data and an analysis of the sumed K = 1 and therefore defined the ex- ric measurements 
calculations used to obtain the large report- cess power, P,,, as the difference between It is also of interest to outline the proce- 
ed power production ratios. In addition, we the measured heating power in the cell, dures used by Fleischmann et a1 ( I )  to 
describe some of our calorimetric measure- P,,,,, and the expected value of PceII calculate the percent of breakeven values 
ments on the PdiO 1,W LiOD-D201Pt cell. = (E,,, - 1.54 V) I. This definition, com- from the raw data in Table 1 In all cases, P,, 
We also describe several subtle experimental bined with reported values of the excess was defined as P,, = P,,,, - PceII, assurmng 
details that must be considered to obtain power (1) and the various formulas used to K = 1 0 [that is, PceII = (E,,, -1.54 V) I ]  
accurate enthalpy values for an electrolysis calculate "percent of breakeven values" (see The first calculated breakeven percentage 
reaction in an open calorimetric system below), has allowed us to recalculate the raw value [column a in table 2 of ( I ) ]  then 

When an aqueous solution is electrolyzed calorimetric data for the experiments of represents (100 x P,,)/PCeII, column b in 
to liberate hydrogen and oxygen gas, the Fleischmann et a1 ( I ) ,  which are presented table 2 of (1) represents (100 x P,,)/P,,,. 
electrolysis power P,,, (=Ea,, I) can be in Table 1 (3). In both cases, decreases in K from the as- 
conveniently partitioned into two terms Several features of the data in Table 1 are sumed value of 1.0 would reduce the calcu- 
(Fig 1) worthy of discussion. First, in most cases, lated values. In calculating the raw data of 

the calculated values of PC, are rather small Table 1 above, we have used the percent 
= E a ~ ~  I = Pcell + Psas ( l)  percentages of the total input powers. Accu- breakeven data in column a in table 2 of (I) ,  

p,,, represents the power removed as a rate error bars for the determination of P,,,, and the formula (100 x Pex)IPcell to calcu- 

result of the evolution of H z  (or D2 in D 2 0 )  
and 0 2  gases, and PCel1 is the remaining 
power that is effective in heating the cell 
contents. An expression for P,,, (= E,,, I) is 
readily obtained from the known enthalpy 
of formation of water from its elements. 
E,,, = -AH~, , I~F  (F ~ ~ ~ ~ d ~ ~ ' ~  con- Fig. 1. Schematic of  the calorimeter 

used In thls work The power ap- stant), which yields Ega, = for the plied through the electrolvsls clr- 
reaction H 2 0  + H2 + '/202 and E,,, = cult P,,, = E,,, I,,, produces 
1 54 V for the reaction D 2 0  + D2 + l/zO2 heating power delivered to  the cell, 
(2). If the net faradaic efficiency of gas p-11, and to power contained In the 
evolution, K, 1s known, Eq 1 for D 2 0  evolved gases, P w s  The tempera- 

ture difference between the electrol- 
electrolysis then becomes vsls cell and the constant-tempera- 

ture bath is used to determine the 
= I = - 54 '1 hcating power of the electrolysis + K [(1.54 V) I] (2) c ~ r c u ~ t  Callbration and constancy 

of the heating coeffic~ent, as well as 
the presence of thermal gradients, 

Dl\lsion of Chenustq and Chemical Eng~neering, Call are ke,, of concern for accu- forn~a Inst~tute of Technolog, Pasadena, CA 91125 Constant temperature bath 
rate power measurements in this 

*To N hom correspondence should be addressed system. I 
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late PceIl (and thus E,,,); in some cases, 
using the reported data in column b in table 
2 of (I), with the formula (100 x Pex)IPapp 
yields substantially different values for E,,,, 
and these values have been indicated in 
parentheses in Table 1. In general, the Pe,l 
Pap, ratios are rather modest and need to be 
considered carefully in view of possible 
changes in K and errors in the determination 
of Pme,,. 

The actual applied voltages range from 
2.8 to 10 V (Table l ) ,  but column c in table 
2 of (1) uses a voltage of 0.5 V to obtain 
Pap, = [(0.5 V) I ] .  The percent breakeven 
values in this column have been calculated as 
(100 x Pex)l[(0.5 V) I ] .  Of course, the 
assumption of E = 0.5 V yields much high- 
er breakeven values than are calculated from 
the measured data, which display much larg- 

Fig. 2. Plot of the potentiostatic cur- 
rent-voltage characteristics for a N- 

charged P&D rod (0.254 mm in E 
diameter, 2.7 cm long, charged for $ 
14 hours at 64 mAicm2) in 0.1M g -40 
LiOD!D20. Potentials are with re- 
spect to a Pd wire charged to the a-p 5 
phase equilibrium; the reference wire $ 
was in a separate compartment filled 
with 0.1M LiOD!D,O. This refer- -80 

ence had a potential of -0.952 V 
with respect to a conventional satu- 5 
rated calomel electrode. (-) Directly 
measured data, scan rate = 10 mV!s; -' 20 

-2.0 
(: 
- ) data corrected for solution 

resistance; (0) potential measured 5 
ms aftcr interruption of a current density of 75 m 

V versus a reference Pt/D2 electrode, while 
the instantaneous voltage measured after 
interruption of a current of 75 rnAlcm2 

er E,,, and Pap, values. shows ;hat the potential of a P d D  electrode 
The choice of a hypothetical value of 0.5 is 0.7 V more negative than that of a P d D  

V involves the scenario where the electroly- reference charged to the a-p phase equilibri- 
sis reaction does not evolve O2 at the anode um (Fig. 2) and becomes even more nega- 
but rather oxidizes the D2 generated at the tive when current is flowing through the 
cathode back to D 2 0 .  In this case, only the circuit. Thus, the electrochemical potential 
voltages (overpotentials) required to over- 
come the electrode polarizations, solution 
resistance, and concentration gradients 
would contribute to the cell voltage, as the 
electrolysis voltage necessary to produce D2 
and 0 2  from D 2 0  is eliminated. In princi- 
ple, in optimal cell design, it is possible to 
envision a reduction in voltage to <1 V 
between two electrodes that have no other 
oven~oltages. However, if the anode is to 

required to maintain reasonable current 
densities through the charged Pd cathode is 
greater than the value of 0.5 V assumed by 
Fleischmann et al., implying that the large 
hypothetical breakeven values calculated 
with the use of a value of 0.5 V are not 
experimentally attainable. 

The measured quantity in the calorimetric 
experiments of Fleischmann et a l .  (1) is a cell 
power, not an enthalpy of reaction. Mea- 

oxidize D;, it must operate at potentials 2 0  surement of the power-produced requires an 

Table 1. "Raw data" for electrolysis of D 2 0  at Pd. The data were calculated from table 1 and column a 
in table 2 of (1). The expected power produced in the cell was calculated from (E - 1.54) 1, that is, on 
the assumption that there was no recombination of D2 with 02. The excess power produced in the cell is 
as quoted in table 1 of (1).  The values in parentheses were calculated from column b in table 2 of (1).  In 
all other cases, values calculated from column b agreed with those calculated from column a in table 2 of 
(1).  The highest current entries for a l l  three rods were measured on rods 1.25 cm long and rescaled to 
correspond to rods 10 cm long. In these calculations, we have ignored the areas at the end of the rods 
and have rounded the applied voltages to three significant figures while attempting to presen7e the 
significance of the excess power data quoted in (1) .  

Applied Applied Power Input Expected Excess 
produced power current, voltage, power, power 

I E in cell, Pap, = E I produced produced 

(V) (nl) P,,,, in cell in cell 
(W) (W) (nl) 

Rod 0.1 cm in diameter and 10 cm long 
0.0714 0.0402 

(0.0626) (0.0314) 
0.726 0.495 

15.55 13.73 
(13.07) (11.25) 
Rod 0.2 cm iri diameter and 10 cm long 

0.136 0.094 
1.696 1.57 

26.5 24.6 
(27.5) (25.5) 
Rod 0.4 cm in diameter and 10 cm long 

0.293 0.291 
3.89 4.40 

55.3 72.2 

-1.5 -1 .O -0.5 0.0 

Potential (Vversus PdlD) 

accurate calibration of the rate of heat loss 
for all conditions of interest. To address 
these issues, we have performed several calo- 
rimetric experiments with both O.1M 
LiODID20 and 0.1M LiOHIH20, using 
either a commercial isoperibolic calorimetry 
cell (Tronac, 50 cm3) in a 60-liter Tronac 
thermostatted bath (27.000" r 0.005"C) or 
an air-jacketed vessel (30 cm3) in a 5-liter 
VWR bath (25.00" t 0.04"C). Both cells 
were mechanicallv stirred and were calibrat- 
ed throughout the experiments using the 
heat output from 100- to 340-ohm resistors. 
Current for the electrolysis and the calibra- 
tion was supplied from Princeton Applied 
Research potentiostats (models 173,273, or 
362) or from Hewlett-Packard power sup- 
plies (model 6002A). Currents and voltages 
were measured with Fluke 75 or ICeithley 
177 multimeters, and temperatures were 
measured with the use of thermocouples, 
with the reference at the temperature of the 
surrounding bath. The counter electrodes 
were cylinders of platinum (Pt) foil or mesh 
(2 cm in diameter, 2 cm long), and the Pd 
electrodes were 2.0- to 2.4-cm lengths of 
rod of diameters 2.2. 2.1 to 2.3. or 3.9 mm. 
contacted either by spot welding to Pd or Pt 
wire, or by soldering to copper wire. All 
electrodes were completely immersed in the 
solutions at all times, and connections were 
insulated from the solution with glass tub- 
ing and epoxy resin. The electrolyzed water 
was typically replaced daily, during which 
time <5% of the solution was electrolyzed. 

These calorimetric measurements led to 
the following observations. First, at all cur- 
rent densities (8 to 150 mA/cm2) and times 
(up to 170 hours) the measured heating 
powers in the LiODID20 cells were within 
5% of the expected power calculated from 
Eq. 2 if we assume K = 1.0, and the 
LiOHIH20 experiments gave results to 
within 6% of the predicted values. [Heat 
losses due to evaporation at the highest 
operating temperatures (49°C) are calculat- 
ed to cause errors of less than 2% in the 
calculated heating power.] These measure- 
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ments were made by two methods. In initial 
experiments the current density was 
changed, and the power applied through a 
calibration resistor was adjusted to maintain 
a constant cell temperature (Table 2). For 
comparison, the reported excess specific 
power production for a Pd rod 0.20 cm in 
diameter (1) implies that an excess power of 
0.14 W would be expected for our specimen 
at a current density of 64 rnA/cm2, whereas 
an excess specific power of 10 W/cm3 would 
correspond to an excess power of 0.91 W 
for our sample. In later experiments the 
resistor power was stepped at constant elec- 
trolysis current density, and the resulting 
plot of the total applied power versus tem- 
perature was used to determine the heating 
power from the electrolysis circuit. 

Several runs with the first method showed 
changes in the cell temperature that did not 
correspond to adjustments in the applied 
currents or voltages. These changes were 
clearly caused by changes in the heat transfer 
from the cells, rather than by some addition- 
al heating mechanism, because recalibration 
showed that the input electrolytic heating 
power was equal to the calculated enthalpy- 
corrected electrolysis power (PceII with 
K = 1.0) both before and after the tempera- 
ture changes. The temperature changes typi- 
cally were slow increases (often starting 
about 20 hours after the start of charging), 
and more rapid decreases, which occurred 
either spontaneously or occasionally after 
the addition of D 2 0  or H 2 0 .  Without 
recalibration of the cell, such temperature 
increases could have been interpreted in 
terms of increased power production, but 
they actually reflected decreases in the rate of 
heat loss from the cell to the surroundings. 

To differentiate hrther between an in- 
crease in output power and a change in rate 
of heat transfer, we measured the heating 
coefficient (the ratio of the temperature rise 
to the input heating power) of the Pd 
electrolysis cell by holding the electrolysis 
current density constant and incrementing 
the power applied through the calibration 
resistor. Figure 3 shows the dependence of 
the cell temperature upon the total applied 
heating power for a 0.1M LiOHiH20 cell, 
on the assumption that heating is the result 
of the sum of the calibration resistor power 
and the enthalpy-corrected electrolysis pow- 
er (PC,,, with K = 1.0) of the P d P t  circuit. 
At a particular P d P t  electrolysis current 
density, the temperature at the location of 
the thermocouple was linearly dependent on 
the total input heating power over the tem- 
perature range 25" to 40°C, with a slope 
equal to the heating coefficient of the cell. 
Initially the heating coefficient decreased 
with increasing current density, consistent 
with additional heat losses caused by gas 

evolution, but 23 hours after the start of 
charging in the cell with a rod 3.9 mm in 
diameter the temperature increased. If the 
temperature rise had been due to an addi- 
tional source of heat, the new heating line 
would have been parallel to the initial line, 
but displaced upward. Instead, the subse- 
quent points defined a steeper line, indicat- 
ing that the heating coefficient changed 
from 12" to 14°C per watt. Analysis of the 
data on cell temperature versus time indicat- 
ed that the actual heating power produced 
by the electrolytic circuit remained constant 
to within 6%. Changes in heat transfer 
during bubble evolution in open systems 
have been reported (6, 7 ) ,  and it is possible 
that a similar effect is occurring in the 
present system; in addition, changes in the 
volume of liquid owing to gas evolution and 
evaporation can also contribute to a time- 
dependent change in the heating coefficient 
of the cell (8) ,  as could changes in the 
thermal conductivity of the cell walls or the 
electrodes (9). Moreover, at higher operat- 
ing temperatures of the Dewar flask, nonlin- 
earity in the relation of temperature to heat- 

ing power of the calorimeter can lead to 
substantial overestimates of the electrolysis 
heating power, as can improper positioning 
of the temperature-sensing element relative 
to the resistive heater (10, 11). Clearly, 
accurate calorimetric measurements in this 
type of open cell require efficient stirring of 
the solution to eliminate temperature gradi- 
ents, quantitative collection of the -gases 
evolved, and calibration measurements at all 
electrolysis current densities and after all 
temperature changes; otherwise, it is not 
possible to unambiguously assign a rise in 
cell temperature to an increase in power 
product~on by the electrolysis circuit.. 

In conclusion, analysis of the data report- 
ed earlier (1) shows that the observed power 
production is much smaller than generally 
reported in the popular press and that sever- 
al assumptions are required to transform the 
raw data into large excess power production 
ratios. In other recent ex~drimenti for which 
researchers have claimed excess power pro- 
duction in PdD2OiPt electrolysis cells time- 
dependent changes have been observed in 
the slopes of electrolysis power versus tem- 

Table 2. Representative calorimetrp data for H 2 0  and D 2 0  electrolysis cells. The total power was 
calculated as the resistor power plus the electrolysis power. The measured temperatures are t0.04"C; 
bath temperature = 27.000" -+ 0.005"C. The error bars quoted were based on 20 values for random 
errors in the multimeters and temperature measurement devices. The comparison between H 2 0  and 
D 2 0  gives an estimate of the magnitude of any systematic errors in the calorimeter. 

Time 
(hours) 

Current Electrolysis Resistor Total 
density power power power 

(rnA/cm2) (W) (W) (w) 
Dmwr~ and machined Pd rod (0.21 to 0.22 b y  2.1 cm), 0 .  lM LiOH/H20 

59 0.174 t 0.002" 0.118 F 0.001 0.292 i. 0.003 
86 0.292 t 0.003* 0 0.292 i. 0.003 
59 0.175 i. 0.002* 0.119 i. 0.001 0.294 t 0.003 
86 0.297 t 0.003" 0 0.297 t 0.003 

Drawrl Pd rod (0.22 by 2.4 cm), 0. lM LiODID20 
66 0.253 5 0.003t 0.250 i. 0.002 0.502 % 0.005 
97 0.457 t 0.0031 0.044 0.501 i. 0.003 
97 0.473 t 0.0031 0 0.473 i. 0.003 
66 0.277 5 0.0031 0.204 5 0.002 0.481 t 0.005 

Temperature 
("C) 

*Electrolpsis power = (E - 1.48 V) I .  tElectrolysis power = (E - 1.54 V) I .  

Fig. 3. Plot of the observed 
temperature versus the ap- 
plied heating power for a 36 

PdiH rod 3.9 mrn in diame- 
ter and 2.4 cm long in 0.1M 
LiOHIH20, on the assump- 32 
tion that there is no recom- - 
bination of evolved gases # 
[that is, heating power = I 
( E  - 1.48 V) + J',,,,t,,]. F 28 
First, the calibration reslstor 
was stepped in power with 
no electrolysis (0). Then 
current was applied at 8 24 

mA/cm2 for 17.1 hours, 0.0 0.2 0.4 0.6 0.8 1 .O 
during which time the cali- Applied heating power (W) 
bration resistor power was again stepped ( A ) .  The electrolysis current was then increased to 60 mA/cm2 
for the remainder of the experiment (@). The labeled points were obtained at the following times afker 
the second current step: 1, 3.6 hours; 2, 5.8 hours; 3, 8.7 hours; 4, 17.0 hours; 5, 21.2 hours; 6, 26.1 
hours; 7, 30.4 hours. After 12 hours at 60 mA/cm2, 0.7 cm3 of H 2 0  was added to the cell (total cell 
volume = 30 cm3). 
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perature plots (IZ), as opposed to changes in 
the intercepts of such plots. These data are 
consistent with a change in the heat loss 
constant (Fig. 3), as opposed to an increase 
in the rate of power production by the 
electrolysis cell. Careful calibration of the 
rate of heat loss and accounting for all 
sources of additional heat generation (gas 
recombination and so forth) are required 
before one can unambiguously assign a 
change in temperature of the electrolysis cell 
to an unexplained chemical or nuclear pow- 
er-producing process. If required, more ac- 
curate power production measurements on 
the PdD20/Pt  system could only readily be 
made in closed-system calorimeters, where a 
well-defined heat path can be established 
and total recombination of the gases can be 
assured. 

N o t e  added in p u o o j  In recent experiments 
in a closed-system calorimeter with total 
recombination of the gases, a recast Pd rod 
(0.39 cm in diameter and 1.0 cm in length) 
at 58 rnA/cm2 current density in O.lM 
LiODID20 produced no measurable excess 
power [P,,,, = (100 ? 2%) of Pap,] for a 
period of over 12 days. 
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Dynamic Pore-Pressure Fluctuations in Rapidly 
Shearing Granular Materials 

Results from two types of experiments show that intergranular pore pressures 
fluctuated dynamically during rapid, steady shear deformation of water-saturated 
granular materials. During some fluctuations, the pore water locally supported all 
normal and shear stresses, while grain-contact stresses transiently fell to  zero. 
Fluctuations also propagated outward from the shear zone; this process modifies 
grain-contact stresses in adjacent areas and potentially instigates shear-zone growth. 

LOSELY PACKED GRANULAR SOLIDS 

with interstitial pore spaces filled by 
liquid occur in both natural and 

man-made environments. Familiar examples 
include water-saturated soil and fragmented 
rock that compose most landslides, debris 
avalanches, and debris flows. Other exam- 
ples include industrial slurries and granular 
mixtures, as well as saturated sediments that 
may be sheared during tectonic faulting. 

Observations of mass-movement process- 
es on the earth's surface have motivated 
fundamental questions about the dynamic 
role of pore water in rapidly sheared granu- 
lar materials. For example, how can a water- 

U.S. Geological Survey, Cascades Volcano Obsewaton, 
5400 MacArthur Boulevard, Vancouver, WrA 97661 

saturated mass of landslide debris liquefj 
and flow tens of kilometers across slopes as 
gentle as a few degrees-much farther than 
similar masses of d n  debris and much far- 
ther than anticipated from the material's 
initial potential energy and coefficient of 
internal friction ( I ) ?  In most theories, lique- 
faction caused by high, quasi-static pore- 
water pressure gradients has been invoked 
to account for the mobility of wet rock 
debris (Z), but high pore-pressure gradients 
are unlikely to persist in debris that flows 
steadily for minutes or even hours. Further- 
more, water is an ineffective lubricant on 
most rock surfaces (3 ) .  Thus, pore water 
must enhance efficient, rapid shear deforma- 
tion of rocky debris by some alternative 
means. 

In this paper we describe experiments 

Fig. 1. Cross-sectional view through the center of 
the array of fiberglass rods. Water pressures were 
measured in individual pores itldicated by nuin- 
bered dots. Arrows show relative lnotioll alollg 
the prescribed slip surface. 

testing a new hypothesis: that dynamic 
pore-pressure fluctuations can be generated 
as a result of grain rearrangements during 
rapid shear, and that the fluctuations can be 
large enough to modify grain-contact stress- 
es significantly and promote efficient defor- 
mation. Specifically, transient increases in 
pore pressure in discrete domains where the 
granular phase momentarily contracts 
would inhibit further contraction and ease 
local shear displacement. Conversely, where 
the granular phase dilates, transient reduc- 
tion in pore pressure would suppress further 
dilation and inhibit local shear displacement. 
In a deformation field in which local dila- 
tions and contractions accompany global 
shear, pore-pressure fluctuations may reduce 
frictional energy dissipation because they 
help localize intergranular shearing in areas 
of low or zero grain-contact stress (4).  Such 
effects are enhanced if the pore fluid (for 
example, water) is relatively incompressible. 
An important lemma is that local dilation 
and contraction can occur even while the 
bulk deformation is steady (5, 6). 

The tendency for pore-pressure fluctua- 
tions to develop during steady shear defor- 
mation depends on the relative rates of grain 
rearrangement and pore-pressure equilibra- 
tion, which can be expressed by a single 
dimensionless parameter, R = kE/vkG (7, 8)  
where k is the hydraulic permeability, E is 
the uniaxial (Young's) compression modu- 
lus of the composite granular medium, v is 
the velocity of intergranular sliding, k is the 
viscosity of the pore fluid, and 6 is a charac- 
teristic length, typically the grain diameter. 
Within R the quantity kE/k functions as a 
pore-pressure difisivity, and S * ~ / ~ E  is the 
time scale for diffusive pore-pressure equili- 
bration over the distance 6. The quantity 6lv 
is the time scale for pore dilation and con- 
traction and thus for generation of pore- 
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