
AN ISOPERIBOLIC CALORIMETER 

TO STUDY ELECTROCHEMICAL 

INSERTION OF DEUTERIUM 

FLECTROL YTIC DEVICES 

KEYWORDS: isoperibolic calo
rimetry, deuterium insertion, 
palladium electrode 

INTO PALLADIUM 

TURGUT M. GUR,* MARTHA SCHREIBER,t GEORGE LUCIER, 
JOSEPH A. FERRANTE, JASON CHAO,+ and ROBERT A. HUGGINS§ 
Stanford University, Department of Materials Science and Engineering 
Stanford, California 94305-2205 

Received November 23, 1993 
Accepted for Publication January 7, 1994 

The design and the operational characteristics of a 
new isoperibolic calorimeter that is developed to study 
the electrochemical insertion of deuterium into palla
dium are described. The design is simple and involves 
inexpensive materials to build. It possesses a number 
of distinct advantages that makes it suitable for ther
mal measurements in other electrochemical systems. It 
is insensitive to the nature and the location of the heat 
source within the electrochemical cell. The calibration 
constant is found to be stable with ±0.5% uncertainty 
over a wide range of input power levels up to 22 W. It 
also has the capability of operating over a wide tem
perature range. In principle, the calorimeter can be used 
up to 600°C, provided that the electrochemical cell de
sign and materials are chosen appropriately. The de
sign also provides flexibility to adjust the sensitivity of 
the calorimeter according to the needs of the system un
der study. 

I. INTRODUCTION 

Calorimetry has been widely used in studying en
thalpy changes during chemical and physical pro
cesses.1-3 In general, the process under study takes 
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place inside the boundaries of the calorimeter proper 
at temperature Tc , which is in controlled thermal con
tact with its surroundings at temperature 7;, through a 
heat transfer medium referred to as the K layer in this 
paper. The K layer can be chosen to have a desired 
value for thermal resistance depending on the type of 
calorimetry to be used. Electrochemical calorimetry4-7 

has an added complication in that the cell inside the 
calorimeter proper usually requires electrical connec
tions to an outside power source and/or measuring 
instruments. 

After the initial announcement of Fleischmann and 
Pons,8 a number of groups9

-
13 including the Stanford 

University laboratory14
•

15 reported observation of excess 
power when deuterium was electrochemically inserted 
into palladium cathodes, while others 16

-
19 reported the 

lack of experimental evidence. The early measurements 
in the Stanford University laboratory utilized "open" 
cells in a twin-type isoperibolic calorimeter where the 
behavior of light water and heavy water-based electro
chemical cells have independently been studied and 
compared.14

•
15 While the palladium light water system 

showed no excess power, a significant amount of ex
cess power was observed in the case of the heavy water 
system. More importantly, observations of significant 
amounts of excess energy of - 107 J/mol of palladium 
collected over extended periods of time were subse
quently reported.20-24 These thermal measurements, 
recently reviewed by Storms,25 were carried out by 
using a variety of calorimetric designs and techniques. 

It is the purpose of this paper to describe and to 
discuss the design and the performance characteristics 
of a simple isoperibolic calorimeter developed in the 
Stanford University laboratory to study the thermal 
properties of the palladium-deuterium and palladium
hydrogen systems. This calorimeter may also be use
ful for other electrochemical and chemical systems in 
a wide range of temperatures up to 600°C. 
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II. ELECTROCHEMICAL ISOPERIBOLIC CALORIMETRY 

The word "isoperibol" denotes uniform surround
ings. So, isoperibolic calorimetry refers to heat mea
surements in a calorimeter whose surroundings are 
maintained at a constant temperature. It utilizes a 
steady-state power balance method where heat is gen
erated within the electrochemical cell placed inside the 
inner compartment and is conducted through a ther
mally conducting K layer into the outer compartment, 
which is maintained at a fixed lower temperature. Un
der steady-state conditions, a temperature distribution 
is established in which the temperature difference across 
the thermally conducting K layer between the two com
partments transports heat at a rate that just balances 
the thermal power Piherm generated within the inner 
compartment. This can be expressed as 

thermal power generated= Prherm = K(Tl - T2) , 

(1) 

where T 1 and T2 are the temperatures of the inner and 
the outer compartments, respectively. 

When power is introduced into the inner compart
ment electrically, the thermal power generated is equal 
to the applied electrical power Pa

pp
/, provided that the 

electrical power does not cause the occurrence of a 
chemical or electrochemical reaction that involves a 
change in the enthalpy of the system. This is the case 
when an open cell is used. 

On the other hand, if a "closed" cell design employ
ing an internal recombination catalyst is used, so that 
the enthalpy of the recombination reaction is contained 
in the inner compartment, Piherm and Papp

t will be 
equal provided that there is no other heat generation 
process present. Any difference must be due to some 
additional power generation process taking place inside 
the electrochemical cell. 

All the calorimetry results presented in this paper 
were obtained by using electrochemical cells of the 
closed type. 

Ill. CALORIMETRIC PARAMETERS 

The calibration constant, sensitivity, time constant, 
and linearity of a calorimeter are important parameters 
that govern its performance characteristics. In all cal
orimeters, heat is exchanged across the boundary be
tween the calorimeter proper and its surroundings. 
Ideally, in isoperibolic calorimetry, this heat transfer 
is proportional to the temperature of the boundary such 
that 

q = hA(Tc - I's) , 

where 

q = rate of heat exchanged 

h = heat transfer coefficient 

A= area. 

488 

(2) 

Equation (2) can be rewritten in the simple form 

q = Kt:.T, (3) 
where K is the calibration constant for the calorimeter. 
This value needs to be determined accurately by carry
ing out careful measurements as described later in this 
paper. 

Sensitivity Sis a measure of the magnitude of the 
response t:.. T of the calorimeter to a process under study 
and is defined by 

S = t:.T/q (4) 
Note that this is the reciprocal of the calibration con
stant K. It is generally desirable to have a high sensi
tivity value, especially for measuring small changes in 
the heat flux. Sensitivity is usually given in units of 
degrees centigrade per watt or volts per watt. 

The time constant r of a calorimeter represents the 
time it takes for the initial temperature to relax to lie 
of its initial value upon stepwise decrease in the heat 
exchanged. This can be represented as 

T_r = T; exp( -th) , (5) 
where T; is the initial temperature and Tf is the final 
temperature. 

Linearity refers to the range of temperature values 
where Eq. (3) still holds; i.e., the heat flux is linearly 
proportional to t:.. T. It is desirable to operate the calo
rimeter in this range where K is constant. 

IV. EXPERIMENTAL ASPECTS 

IV.A. lsoperibolic Calorimeter Design 

In an electrochemical cell under electrolysis condi
tions, the extent of the stirring in the electrolyte and the 
physical location at which heat is produced contribute 
to the extent of thermal inhomogeneity. This may lead 
to uncertainties in the thermal results since the temper
ature measurements may strongly depend on the loca
tion of the temperature probe. 

A new type of isoperibolic calorimeter was designed 
to avoid these possible sources of error. It consists of 
two concentric heavy aluminum cylinders that are sep
arated by a well-defined thermally conducting K layer. 
The inner cylinder contains an axial hole where the 
electrochemical cell under study snugly fits in. Under 
steady-state conditions, essentially all the heat gener
ated within the electrochemical cell is forced to pass ra
dially to the external environment through a pair of 
concentric heavy aluminum cylinders. Instead of relying 
on measurement of the temperatures within the elec
trochemical cell itself, this design involves the measure
ment of the temperatures of the two aluminum cylinders 
without having the need to assume a homogeneous tem
perature distribution within the cell. The large size and 
the excellent thermal conductivity of these aluminum 
cylinders assure uniformity of temperature within the 
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cylinders regardless of the location of the heat source 
within the electrochemical cell. So, possible sources of 
error related to such issues as the amount of stirring and 
the exact locations of the heat sources and the temper
ature probes within the electrochemical cell are avoided. 

The schematic design of the isoperibolic calorim
eter including the electrochemical cell is shown in Fig. 1. 
The inner (Tl) aluminum cylinder has an outer diam
eter of 2 in., an inner diameter of 1.16 in., is 4 in. long, 
and weighs ~365 g. The outer (T2) aluminum cylinder 
is 7 in. long, weighs 958 g, has an inner diameter of 2.25 
in., and has an outer diameter of 3.0 in. Thus, the gap 
across which the controlled heat conduction takes place 
and across which the temperature difference is mea
sured is only 0.125 in. The electrochemical cell that fits 
snugly inside the Tl cylinder is made of a quartz tube 
1.14 in. (29 mm) in outside diameter and 4 in. long. A 
sheet of aluminum foil wrapped around the quartz cell 
ensures good thermal contact with the Tl aluminum 
cylinder. 

The Tl cylinder housing the electrochemical cell is 
mounted on Teflon supports and placed concentrically 

Isoperibolic Calorimeter 

Heater Leads Anode 
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TC TC 

Tl T2 

Cathode 
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. ::::::::::::::.;.::::=:::::: ____ ,... 

lit l ) ;ii 
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Fig. 1. Schematic design of the isoperibolic calorimeter fea
turing an external thin sheet joule heater wrapped 
around the electrochemical cell and inserted inside 
the inner aluminum cylinder. 
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inside the T2 cylinder in such a way that 1.5 in. of ver
tical space is left above and below the Tl cylinder. This 
vertical space above and below as well as the 0.125-in.
wide radial gap between the two cylinders is packed 
with dry Al203 powder (J. T. Baker) while the outer 
surface of the T2 cylinder is gently tapped to assure uni
form packing. This 1.5-in.-thick Al203 insulation 
above and below the Tl cylinder provides thermal in
sulation and thus forces the heat to be transferred in 
the radial direction through the K layer to the outer cyl
inder. The effective thermal conductivity of this Al203 powder, which has a particle-size range of 50 to 200 µ,m, 
is experimentally determined to be ~ 1.6 x 10-3 

W /cm• °C. The thermal conductivity of the Al203 powder is very much dependent on its moisture content. 
Hence, care must be taken to avoid moisture getting 
into the calorimeter during prolonged experiments. A 
sturdy and pinhole-free plastic bag wrapped tightly 
around the calorimeter in the water bath is found to be 
useful for this purpose. Periodic calibration of the cal
orimeter alleviates the concern about uncertainty in the 
stability of the calibration constant. 

Three small thermocouple holes k in. in diameter 
are drilled vertically down to half-height of each alu
minum cylinder. The holes are located at midpoints of 
the wall thickness of the cylinders and are spaced 120 deg 
circumferentially from each other. A few drops of sil
icone oil is put at the bottom of these holes to provide 
good thermal contact between the thermocouples and 
the aluminum cylinders. Copper-constantan (Type T) 
thermocouples are firmly fixed into these holes to make 
good physical contact with the aluminum at the bottom 
of the holes. The thermocouples are connected in a dif
ferential mode such that only the copper legs of the 
thermocouples are wired to the copper inputs of the dig
ital microvoltmeters. Thus, all possible adverse thermo
electric contributions from dissimilar joints in the 
temperature measuring circuitry are eliminated. Each 
calorimeter is equipped with four pairs of thermocou
ples. Two pairs are connected between the Tl and the 
T2 aluminum cylinders so that only the temperature dif
ference between the cylinders is measured by two inde
pendent thermocouple pairs. The other two pairs of 
thermocouples are connected between each aluminum 
cylinder and the surrounding constant temperature wa
ter bath to measure the differential temperatures of 
each cylinder with respect to the water bath. A 6½ digit 
Keithley Model 193A microvoltmeter is used for read
ing the thermocouple output, and its precision is found 
to be 0.1 °C. 

Eight such calorimeters have been built. The lie 
time constants of the calorimeters were determined 
from the transient behavior of the temperature in re
sponse to step changes in the level of the input power 
and were found to range between 13 and 15 min. This 
is a reasonably rapid response time. Since the outer 
aluminum cylinder is kept at a constant temperature 
throughout the calorimetric measurements, it does not 
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participate in the transient behavior and hence does not 
contribute to the response time. 

IV.B. Electrochemical Cell Design 

The electrochemical cells used in this work are 
closed cells; i.e., they contain an internal catalytic re
combination device made of platinum/nickel supported 
on a Teflon sheet to recombine the D2 and the 02 that 
have been electrolyzed and to return it by gravity back 
into the electrolyte. This recombination catalyst is of 
the general type that is used in maintenance-free car 
batteries. By contrast, the gaseous products of electrol
ysis are vented off to the outside in open cells. The in
ternal recombination catalyst had a geometric area of 
-10 cm 2 and was suspended from the cell cap in the 
vapor phase above the electrolyte. 

The cell container was a cylindrical quartz tube 
2.9 cm (1. 14 in.) in outside diameter and 10 cm (4 in.) 
tall. All the cells were connected externally to silicone 
oil bubblers by a plastic tubing. This served two pur
poses. The bubbler system allowed the escape of gas in 
the amount of uncombined oxygen during the initial 
moments of electrolysis. The other aspect was to pre
vent atmospheric moisture to diffuse back into the elec
trolyte in the electrochemical cell containing about 
20 ml of 0. 1 M LiOD in D20. This is an important 
consideration since hydrogen exchanges readily with 
deuterium and is selectively absorbed into the palladium 
cathode. 

Three different types of cell designs were used to 
demonstrate that the way the power is generated inside 
the electrochemical cell has no bearing on the calibra
tion constant. In the first design, a static immersion 
joule heater shielded in a J-shaped quartz tubing was 
used for providing the joule heating for calibration. The 
cell was sealed with a rubber stopper that housed the 
feedthrus for cathode and anode lead connections, 
the immersion joule heater, and the gas vent to the sil
icone bubbler external to the cell. The anode was a 
0.010-in.-thick, -200-cm-long platinum wire spirally 
wound inside the cell. The anode-to-cathode surface 
area ratios were between 10 and 15 to assure that most 
of the applied voltage drop was on the palladium cathode. 

Although this general design provided reproducible 
calibration, the problems associated with the manage
ment of the space inside the cell as well as on the rubber 
stopper and the occasional and unpredictable breakage 
of the quartz shielding around the joule heater lead to 
a modified design. 

The second design used a modified three-electrode 
design in which electrolysis heating was utilized for cal
ibration purposes. Again, rubber stoppers were used to 
support the electrical feedthrus and the gas vent to the 
bubbler. The cell design used a spirally wound palla
dium ribbon anode, the usual palladium cathode, and 
an additional platinum cathode to provide the heat for 
calibration by electrolysis. The palladium anode was 
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common to both the palladium and the platinum cath
odes. There was no electrical cross talk between the two 
electrodes. This is illustrated in Fig. 2, which shows the 
influence of the heater power on the cell electrolysis 
power. At the several levels of cell power indicated in 
Fig. 2, the heater power was varied at three levels over 
a wide range between 4 and 10 W. The data clearly in
dicate that the cell electrolysis power levels were un
affected by the changes in the heater power levels. 

The third design used a simple palladium cathode/ 
palladium ribbon anode arrangement inside the cell. 
The joule heater power for calibration was provided by 
a thin sheet heater wrapped externally around the 
quartz container covering most of its area and snugly 
fitted between the cell and the inner aluminum cylinder 
of the calorimeter. Rubber stoppers were replaced by 
cell caps machined out of DelrinR equipped with suit
able feedthrus. 

The palladium (Engelhard) cathodes were prepared 
by repeated arc melting in an argon atmosphere, fol
lowed by mechanical deformation to produce a "fat 
dime" shape. During the initial stages of the experi
ments, thin platinum and gold wires were employed for 
electrical connection to the palladium cathode. How
ever, energy dispersive spectroscopy studies on the sur
face of the palladium cathodes indicated the presence 
of substantial amounts of platinum and gold coverage, 
which blocks deuterium insertion into the palladium 
electrode. Consequently, fine palladium wire -0.005 
in. in diameter and shielded by a thin Teflon tube was 
used as the cathode current collector. Similarly, the fine 
wire platinum anodes were replaced by large surface 
area thin palladium ribbon anodes, produced by roll
ing a A-in.-o.d. palladium wire. 

IV.C. Calorimeter Calibration Principle 

In a closed cell with no electrolysis taking place, cal
ibration with a joule heater gives 

(6) 

The procedure involves the introduction of several lev
els of joule heating power and the steady-state measure
ment of corresponding rises in the temperature. Then, 
a plot of Phir compared with tlThir gives a linear rela
tion the slope of which is equal to the calibration con
stant. The situation, however, is more involved if 
electrolysis is also taking place during calibration. This 
is because the cell resistance changes with temperature 
as the total power level input to the cell changes. This 
change occurs regardless of whether the electrolysis pro
cess is carried out under potentiostatic or galvanostatic 
conditions. 

Under electrolysis conditions, the total power P101 

put into the cell during calibration is due to the heater 
Phtr and the electrolysis power Pei : 

(7) 
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Fig. 2. Verification of the cross-talk issue between the electrolytic heater and the electrolysis power levels. Data clearly in
dicate that the heater and the cell power levels can be varied independently of each other without interference. 

This additional joule heater power increases the cell 
temperature by A.Thtr such that the total temperature 
rise A. Trot is given by 

A.Trot = A.Thtr + A.Tel • (8) 

As a result of the increased temperature, the elec
trolyte resistance decreases, and the electrolysis current 
will increase if the electrolysis voltage is maintained 
constant. This increases the electrolysis power input by 
oPe, such that 

Pet = Peno + oPet , (9) 

where Pet)o denotes the initial electrolysis power level 
prior to the introduction of joule heating power for cal
ibration. One can determine this new value Pe, pre
cisely by measuring the electrolysis voltage and current. 
The corresponding temperature rise corrected for this 
change in the electrolysis power level is given by 

(10) 

It is not so easy to independently measure /1 Te,. 
However, one can determine this value as shown below. 
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Note that for the case of electrolysis under constant 
voltage, i.e., potentiostatic conditions, the corrections 
oPe, and o Tei are both positive in sign giving rise to in
creased values of electrolysis power and temperature. 

On the other hand, if the electrolysis is conducted 
under constant current, i.e, galvanostatic conditions, 
the cell voltage and hence the electrolysis power will de
crease because of the decrease in the cell resistance. 
Hence, corrections oPe, and oTe, are both negative in 
sign under these circumstances. 

Earlier work at the Stanford University laboratory 
that also involved isoperibolic calorimetry on open elec
trochemical cells demonstrated that the temperature rise 
depended linearly on the power 13

•
14 such that 

(11) 

Hence, the calibration constant corrected for either the 
potentiostatic or the galvanostatic electrolysis condi
tions is given by 

(12) 
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An alternative strategy is to operate the cell under 
constant electrolysis power mode. The electrolysis 
power can be maintained constant during calibration 
by joule heating by the use of a computer-controlled 
feedback program. Then, the observed temperature rise 
would be due to the effect of the joule heater alone 
since the electrolysis power is unchanged when the 
heater power is introduced. Under these circumstances, 
the corrections oPe1 and o7;,1 are both zero, and the cal
ibration constant is simply given by 

(13) 
Note, however, that the relation between the electrol
ysis voltage and the current will change even under con
stant electrolysis power mode because the cell resistance 
changes when joule heater power is introduced during 
calibration. 
IV.O. Calibration Procedure 

The calorimeters were calibrated by using three dif
ferent methods of introducing power, namely, immer
sion joule heater, electrolysis, and external joule heater. 
The purpose was to demonstrate that the way the power 
is generated inside the electrochemical cell has no bear
ing on the calibration constant. The calibration proce
dure simply involved the introduction of several levels 
of joule heating power, both in increasing and decreas
ing steps, and the measurement of the corresponding 
temperature difference between the two aluminum cyl
inders in each case. For most cases, calibrations were 
carried out while electrolysis was also taking place, ex
cept when starting a fresh new electrochemical cell. 

Calibrations were carried out usually under con
stant electrolysis power mode, although constant volt
age operation was also employed at times. However, 
corrections to the temperature and electrolysis were al
ways made to accurately determine the calibration 
constant. 

IV.E. Measurement and Data Acquisition System 

Figure 3 schematically depicts the measurement and 
the data acquisition system. The power for both the 
electrolysis and the joule heater were supplied by 
Lambda LLS series power supplies. These power sup
plies were configured such that they were computer 
controlled to maintain constant electrolysis power re
gardless of the level of joule heater power put in for cal
ibration. A Mac Ilx computer was used for this purpose 
as well as to acquire data from the calorimeters moni
tored by a Keithley 193A OMM microvoltmeter con
nected to a Keithley 706 Scanner. For each calorimeter, 
a total of ten experimental parameters consisting of 
four differential and two absolute thermocouple val
ues as well as two voltage and two current (read as volt
age across precision resistors) values were measured 
continuously, averaged over ten readings and stored ev-
492 

ery 5 to 15 s. The voltage values were measured imme
diately above the cell caps. Similarly, the current values 
were monitored as voltage drops across high wattage 
1-0 precision resistors located right above the cell caps. 
The hardware allowed five calorimeters to be moni
tored and controlled simultaneously. All five calorim
eters sit inside a constant temperature water bath. Both 
the cell operation and the data acquisition were con
trolled by using the Lab View software from National 
Instruments Company. 

V. RESULTS 

Two sets of typical calibration data, covering a pe
riod of nearly 3 days, taken during a calibration run 
involving a fresh, unused, and unloaded palladium 
cathode is shown in Fig. 4. The variation of the cell 
electrolysis and the calibration heater power levels as 
well as the values of the three differential temperatures 
are plotted as a function of time. The calibration pro
cedure was initially started with no electrolysis taking 
place on the fresh palladium cathode. Three increas
ing and two decreasing steps of external joule heater 
power were applied as shown in Fig. 4a. The corre
sponding temperature values T-1, T-2, and OTB show 
flat and stable behavior as expected. Then, the electrol
ysis power was turned on under constant power mode. 
The joule heater calibration power was added on top 
of the electrolysis power in three increasing and three 
decreasing steps as shown in Fig. 4b. The transient be
fore stabilization at the new power level was ignored, 
and all the power and temperature data clearly showed 
flat and time-independent behavior as expected. This 
illustrates the steady and reliable performance of the 
calorimeter over extended periods of time. 

V.A. Temperature Distribution 

The temperature distribution within the calorimeter 
is measured by the use of four copper-constantan 
(Type T) thermocouples located at different positions 
in the calorimeter as described in Sec. IV.A. The ther
mocouples are configured in a differential mode such 
that only the copper ends of each pair are connected to 
the microvoltmeter thus eliminating spurious thermo
electric effects. Figure 5 shows the exceptional agree
ment between three temperatures measured between six 
points in the calorimeter by four pairs of differential 
thermocouples. The data illustrate the typical time
dependent variation of the temperature during a calibra
tion carried out by the use of an immersion-type joule 
heater . Note also that the temperatures T-1 and T-2 
were both measured in a differential mode with respect 
to the water hath. Thus, (Tl - T2) is the differential 
temperature between the two aluminum cylinders. Sim
ilarly, OTA and OTB denote the other two sets of dif
ferential temperatures. The temperature measurements 
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were taken at three locations 120 deg apart along the 
circumference of the aluminum cylinders. 

Figure 5 clearly demonstrates the uniformity of the 
temperature distribution within the calorimeter and in 
particular within the inner aluminum cylinder. This is 
an important advantage. It eliminates the ambiguity 
about the exact locations of the source of heat and the 
temperature probe within the calorimeter . Hence, the 
extent of stirring within the electrochemical cell be
comes irrelevant and immaterial . 

V.B. Calibration Constant 

To illustrate the relationship between the calibra
tion power and the calibration constant, the variation 
of power during a calibration experiment is shown in 
Fig. 6a, which is the same set of data presented in 
Fig. 4b chosen for the purpose of being consistent. It 
is slightly modified to make it easy to visually correlate 
the variation of the calibration constant with the input 
power level. This modification consists of stripping the 
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Fig. 3. The schematic diagram of the electrical measurements and the data acquisition system for the calorimetry experiments. 
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Fig. 4. Time-dependent behavior of the three temperatures and the two power levels for a typical calorimetric experiment 
(a) initially with no electrolysis and (b) with electrolysis taking place. OTB denotes the differential temperature mea
sured across the two aluminum cylinders. T l  and T2 are the differential temperatures of the inner and outer alumi
num cylinders, respectively, measured with respect to the bath. The vertical axis indicates the magnitudes of the power 
and the temperature parameters in watts and degrees centigrade, respectively. 
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Fig. 5. The variation of temperature with time during a calibration experiment at three levels of power input by using an 
immersion joule heater. All three differential temperatures, measured at different locations that are circumferen
tially 120 deg apart, lie exactly on top of each other, which indicates a uniform temperature distribution within the 
inner aluminum cylinder in the calorimeter. 

actual experimental data symbols off the curves for var
ious input powers and simply connecting the data 
points by lines. The joule heat for calibration is sup
plied to the calorimeter by the external thin sheet 
heater. The electrolysis for this experiment was carried 
out under constant electrolysis power mode. Figure 6a 
shows the electrolysis power, the heater power, and 
their sum as a function of time. Note that all are very 
flat and steady with time. High total power levels some
times in excess of 20 W, as is the case here, are com
monly used in both the calibration as well as the 
electrochemical insertion experiments. 

The time dependence of the calibration constant ex
tracted from these data by using Eq. (3 1) is shown in 
Fig. 6b. The spikes on the graph represent the transient 
behavior of the calorimeter when the input power level 
is varied abruptly. The steady-state behavior, however, 
clearly shows that the calibration constant values are 
very consistent, lying in a band ~ 1 % wide, and inde
pendent of the input power level as well as of time. 

The effect of different types of joule heating on the 
calibration constant was also studied. It was found that 
the value of the calibration constant was independent 
of the manner in which calibration joule heat was sup
plied to the calorimeter. This is illustrated in Fig. 7, 
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which compares the results of calibration experiments 
by using the external thin sheet joule heater with that 
of the electrolytic heater, with and without simultane
ous electrolysis taking place. Over a very wide range of 
power levels, the calibration constant is independent of 
the type of calibration heat source, and in this partic
ular calorimeter is equal to 0.830 W/°C with a standard 
deviation of ±0.5%. 

V.C. Linearity 

The linear behavior of dT with the heat flux is il
lustrated in Fig. 8. All the data points lie on a straight 
line the slope of which is equal to the calibration con
stant. The plot clearly indicates that the calibration con
stant is independent of the input power level over a wide 
range of power values. 

The variation of the calibration constant with the 
cell temperature is also of interest. It defines the linear
ity range of the calorimeter. The data shown in Fig. 9 
indicate that it is practically independent of the cell tem
perature over a wide range of temperatures. It is inter
esting to note that the cell temperatures that are 
frequently used in this work fall into the range of ~ 50 to 
60°C, which may have useful and practical implications. 
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Fig. 6. (a) The variation of joule heater, electrolysis, and total input power as a function of time during a calibration ex
periment by using an external thin sheet joule heater and (b) the corresponding values of the calibration constant 
K as a function of time and the input power level. It is clear that K is practically independent of the input power 
level as well as of time. 
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Fig. 7. Comparison between calibration results by using external thin sheet and internal electrolytic joule heaters both with 
and without the addition of electrolysis power. The data demonstrate that the calibration constant is practically in
dependent of the method by which heat is introduced. 

V.D. Sensitivity 

The sensitivity values for the calorimeters usually 
vary between 1 . 1  and 1 .2 °C/W from calorimeter to cal
orimeter. Temperature differences between the inner 
and the outer aluminum cylinders are in the range of 
10 to 30°C for electrolysis power maintained in the 10-
to 25-W range. These high electrolysis power levels were 
chosen primarily for two reasons: (a) to drive the elec
trolysis to extreme conditions to achieve a very high ac
tivity for deuterium on the palladium cathode surface 
as well as to maintain a steep concentration gradient 
(i.e. , high current density) for deuterium to diffuse rap
idly into palladium and (b) to work in the range of 
parametric values where measurements of only large 
quantities are involved. 

V.E. Dynamic Behavior and Time Constant 

The dynamic behavior of the calorimeter during a 
cycle of abrupt power steps in the up and the down di-
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rections is shown in Fig. 10. The response of the calo
rimeter is rather fast. The temperature difference .t,. T 

almost immediately follows the change in the power 
level. After thermal equilibration is attained, the tem
perature remains flat, independent of time. The lie 

time constant for the calorimeter is ~ 1 3  min and does 
not seem to depend on the direction of the change in 
the power level. This is a reasonably short time to ef
fectively follow and monitor changes in the thermal be
havior of the deuterium-palladium system. 

V.F. Reproducibility 

Reproducibility is illustrated by comparing the dy
namic behavior of two different calorimeters of identical 
design chosen at random among the eight calorimeters. 
The results are depicted in Fig. 1 1 ,  which shows the nor
malized time-dependent temperature changes in two 
different calorimeters that have undergone power step 
changes from two different initial values, 14.5  and 
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18.0 W, to two different final values, 9.8 and 14.4 W, 
respectively. Figure 1 1  clearly indicates that the dy
namic behavior and the time constants of these two cal
orimeters were almost identical. 

VI. DISCUSSION 

The results presented here demonstrate that this iso
peribolic design is suitable to study the thermal char
acteristics of electrochemical insertion of deuterium 
into palladium. The general design feature whereby 
heat is uniformly distributed throughout the inner alu
minum cylinder makes it very attractive for this and 
other electrochemical studies as well as calorimetric 
measurements on chemical systems. It eliminates the 
need to do elaborate temperature profile studies to map 
out the thermal contours within the calorimeter. 

The major components of the materials of con
struction for the calorimeter are aluminum metal and 
Ah03 powder, both of which are capable of operating 
at much higher temperatures (possibly up to 600°C) 
than were employed in this study. This presents an 
opportunity to explore the high-temperature thermal 
characteristics of the deuterium-palladium or other 
deuterium-metal systems by using this calorimeter de
sign. However, the construction materials used for the 
electrochemical cell will be the limiting factor that will 
determine the maximum temperature of operation. 

The calorimeters have been calibrated by using 
three different modes of introducing calibration heat. 
The calibration constants were found to be independent 
of whether the calibration heat was supplied by an im
mersion joule heater, an electrolytic heater, or an ex
ternal thin sheet joule heater. This provides flexibility 
to the calorimetry experiments by using this simple de
sign, which is inherently fast to respond to step changes 
in the input power level. 

The temperature distribution within the aluminum 
cylinders was also found to be uniform with respect 
to position. The bulky aluminum cylinders have been 
effective in diffusing the heat uniformly. This important 
advantage eliminates the ambiguities and the uncertain
ties in the measurements associated with the exact nature 
and the location of the heat source and the tempera
ture probe. It also renders irrelevant the issue about the 
extent of stirring inside the electrochemical cell. 

Sensitivity of this calorimeter design depends 
strongly on the spacing between the two aluminum cyl
inders and the thermal conductivity of the K-layer ma
terial. Thus, it is rather easy to adjust the sensitivity 
parameter by changing the spacing or the nature of the 
K-layer material. For a given thermal conductivity value 
of the K layer, the calorimeter sensitivity will increase 
as the spacing between the aluminum cylinders in
creases, and vice versa. Hence, the calorimeter design 
can be tuned according to the specific requirements of 
the chemical or the electrochemical system under study. 
500 

This argument is also valid for the calibration con
stant that is merely the reciprocal of the sensitivity. The 
calibration constants have been found to be indepen
dent of both time and the input power level over quite 
a wide range. This allows calorimetric experiments to 
be carried out over power levels of up to 22 W. The val
ues of the calibration constants for the individual cal
orimeters ranged between 0.83 and 0.85 W/°C with 
uncertainties less than ±0.5% .  This level of precision 
is sufficient to study the thermal behavior of palladium 
during electrochemical insertion of deuterium where 
large values of power and temperature are monitored. 

The calibration constant was also determined to be 
independent of the electrochemical cell temperature up 
to -60°C. This temperature is sufficiently high to have 
some practical implications. 

VII. SUMMARY 

An isoperibolic calorimeter was designed and fully 
characterized for electrochemical studies of deuterium 
insertion into palladium electrodes. The calibration 
constants obtained by several different methods agreed 
exceptionally well with each other and were found to 
be stable over a considerable range of power levels, cell 
temperatures, time, and the manner in which calibra
tion heat was supplied. 

This new design possesses many advantages that 
makes it very suitable to conduct careful studies of the 
thermal behavior of palladium cathodes during electro
chemical insertion of deuterium. It can also be used for 
calorimetric studies in other electrochemical and chem
ical systems without the need for altering the basic de
sign features. It is insensitive to the nature and the 
location of the heat source within the electrochemical 
cell. It has the capability of operating over a wide range 
of temperatures and power levels without loss of pre
cision and linearity. In principle, this design can accom
modate temperatures up to 600°C. The design also 
provides flexibility to allow changes in the spacing be
tween the two aluminum cylinders to respond to spe
cific system requirements such as calorimeter sensitivity. 
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