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The experimental details of calorimetric experiments that
provide support for the transmission resonance model (TRM})
to explain cold fusion are presented. For the first time, a the-
oretical model provides a good. fit to calorimetric data and
permits an understanding of that data. After the first exper-
iment in which excess power was achieved, the model was em-
ployed to guide further experiments. Not only does the TRM
suggest which experimental parameters to hold fixed and
which to vary, it also predicts significant nonlinear structure
and guides the search for that structure. The following are de-
scribed: calorimeter and cell designs, electrode preparation,
electrode charging, and excess power measurements.

INTRODUCTION

As described in Ref. 1, the transmission resonance model
(TRM) predicts that the excess power produced by an elec-
trolytic cold fusion cell should vary in a rather unique man-
ner as the applied current density / and the cell temperature
T are varied. To test this hypothesis, two experiments were
conducted: (a) Excess power was measured as a function of
i while T was held constant, and (b) excess power was mea-
sured as a function of cell temperature 7 while / was held
fixed.

The experiments employed a modified Fleischmann-
Pons? electrolytic cell. There were, however, three principal
modifications: (a) the use of a platinum recombiner near the
top of the cell that allowed for closed-cell operation, (b) a
magnetic stirrer that provided for more uniform mixing of
the electrolyte, and (c) the use of 7Teflon to protect all non-
electrode metal surfaces from exposure to the electrolyte.

Of the six cells, excess power was recorded for two, cells
4 and 5. Cell 1, the original cell, was run as a blank with reg-
ular (light) water rather than heavy water. Its open calorim-
eter design was so rudimentary that the bath temperature
could not be controlled. Cell 2 was run with heavy water but
employed the same rudimentary open calorimeter that was
used with cell 1. Cell 3 employed heavy water and an up-
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graded design, shown in Fig. 1. It was run simuitaneously
with cell 4 under what were thought to be essentially identi-
cal conditions. However, a postcharacterization indicated that
the cell 3 electrolyte was covered with a film of silicone oil.
This silicone oil film most likely originated in the “bubbler”
shown in Fig. 1. This may well have caused the difference in
behavior between cells 3 and 4. Cell 6 is currently a bit of a
mystery. It was intended to be run as a twin of cell 5, which
did give excess power. However, cell 6 did not give excess
power, and it is not clear why it did not. Note, however, that
the TRM suggests that cold fusion may well be a chaotic phe-
nomenon. If this is true, it would be possible to load two
identical cathodes under identical conditions and find them
behaving quite differently 10 days after the beginning of
loading.

EXPERIMENTAL DETAILS

The electrolytic cells were positioned within forced-flow
calorimeters as shown in Fig. 1. The calorimeter consisted of
a water bath surrounded by 1 in. of Styrofoam. The temper-
ature of the bath was controlled by regulating the tempera-
ture of the coolant (water), which flowed through a copper
coil immersed within the bath. Six Fluke 80PK-1 type K ther-
mocouples were used to monitor the cell, bath, and coolant
temperatures. In addition to manual data logging, an Apple
Ile-compatible data acquisition system, Analog Connection
11, was used to record the temperatures at 12-min intervals.
The thermocouples were located as follows: one at the cool-
ant inlet port, one at the coolant outlet port, two within the
bath between the coolant coil and the outer cell wall, and two
within the electrolytic cell.

The closed-cell configuration is shown in Fig. 1. It was
constructed of polypropylene and capped with a rubber stop-
per. A recombiner in the form of platinum metal powder at-
tached to a nickel substrate located in the air cavity at the top
of the cell was used to recombine the oxygen and deuterium
gas within the cell. The electrolyte consisted of a 0.1 M so-
lution of LiOD in 99.9% D,O. Platinum-clad niobium wire
in the form of a 1.5-cm-diam helical coil was used for the an-
ode with the palladium cathode located along its axis. The
0.25- x 1- X 2-cm cathode was cut from an Engelhard 99.9%
palladium investment bar and welded to a 99.9% silver wire.
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Fig. 1. Schematic of calorimeter and electrolytic cell.

A Nichrome heating element enclosed in a Teflon sleeve was
used for cell calibration. Teflon sleeves enclosed the silver
electrode lead and thermocouples to reduce electrolyte con-
tamination. Uniform heating of the electrolyte was ensured
by the use of a Teflon-coated magnetic stirrer.

PRETREATMENT AND CHARGING

Each of the electrodes had a surface area of ~4 cm?.
Pretreatment and charging were as follows: For cell 4, the
cathode was washed in aqua regia for 5 min and rinsed in de-
ionized water. It was then heat treated in air at 200°C for
24 h. Charging was carried out at 30 mA/cm? for 6 days
before testing for excess power. For cell 5, the cathode was
cold worked via compression in a vise. Annealing was begun
in air at 600°C for 8 h, followed by 350°C in air for 16 h and
650°C in nitrogen gas for 1 h. Charging took place for 19 days
at 60 mA/cm? before testing for excess power.

EXPERIMENTAL PROCEDURES

Cell Calibration

The cells were calibrated by determining the steady-state
temperature difference across the cell walls as a function of
electrical power supplied to the Nichrome heater. Two cali-
bration curves were obtained per cell by taking the difference
between the average electrolyte temperature and each of the
two bath temperature measurements 7g4 and Tgpg of Fig. 1.
The calibration curve for cell 4 is shown in Fig. 2.

240

Excess Power Measurements

A palladium electrode was monitored for excess power
production by comparing the electrical power input and the
steady-state temperature difference for its electrolytic cell with
those of the calibration curve for that cell. These data points
are identified by the symbols associated with the “check for
excess power” in Fig. 2. Excess power was computed by sub-
tracting the electrical power delivered to the cell from the cali-
brated power required for a measured temperature difference.
The major error in the excess power measurement was due to
a £0.2°C uncertainty in the temperature measurements. Since
the average slope of the power versus temperature difference
curve is 1.5 W/°C, this translates into an excess power error
of £0.3 W, which is ~10% of the excess power measure-
ments. The fact that the recombiner is not in operation during
the calibration with the Nichrome heater introduces some er-
ror. However, since the recombiner is located near the top of
the cell, heat tends to be conducted out of the top of the cell.
Thus, if corrections for this heat loss were made, the result
would be an even greater value for the total excess heat pro-
duced. Plots of electrical power input and excess power pro-
duced as a function of time for cells 4 and 5 are shown in
Figs. 3 and 4, respectively. The total electrical energy deliv-
ered to cell 4 from the beginning of charging until the termi-
nation of excess power was ~2.0 MJ, while that for cell 5 was
~2.3 M. The respective excess heats, i.e., the time-integrated
excess powers, were 0.35 and 0.2 MJ for cells 4 and 5, respec-
tively. Tables I and 11 list the data associated with the excess
power data points taken for cells 4 and S, respectively. Ta-
ble 111 summarizes pertinent information on excess heat pro-
duction for the two cells.
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Fig. 3. Power versus time for cell 4.
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Fig. 4. Power versus time for cell 5.
TABLE 1
Cell 4 Data
Temperatures (°C)
Data 1 i Voltage P P,
Point (A) (A/sz) (V) TCA TCB TBA TBB ) Ta ) Tb (W) (W)
10 0.941 0.235 9.560 26.3 26.4 20.2 19.5 6.15 6.85 9.00 1.2, 1.3
11 1.009 0.252 8.791 26.9 26.9 19.6 19.3 7.3 7.6 8.87 3.0, 2.6
12 1.060 0.265 8.815 28.3 28.3 20.3 20.3 8.0 8.0 9.34 3.6,2.8
13 0.641 0.160 6.893 23.0 23.2 -——- 18.7 2.7 4.4 4.42 ---, 1.9
14 0.383 0.096 5.590 20.3 20.5 19.2 18.1 1.2 2.3 2.14 0.6, 0.8
15 0.780 0.195 7.633 24.1 24.2 19.5 18.8 4.65 5.35 5.98 2.0,2.0
16 1.700 0.425 11.115 36.3 36.7 21.2 20.1 15.3 16.4 18.89 5.0, 6.8
17 1.448 0.362 10.426 33.0 33.0 20.1 20.7 12.9 12.3 15.10 5.2,4.0
18 1.47 0.367 10.425 33.5 33.6 20.2 20.9 13.4 12.65 15.32 5.7, 4.3
19 1.47 0.369 10.423 33.7 339 20.2 20.9 13.6 12.9 15.32 6.1, 4.7
20 1.092 0.273 9.021 29.6 29.2 21.1 20.5 8.3 8.9 9.85 3.6, 3.8
21 0.874 0.218 8.091 26.3 26.6 20.4 19.6 6.05 6.85 7.07 3.0, 3.2
242 FUSION TECHNOLOGY VOL. 20 SEP. 1991
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TABLE II
Cell 5 Data
Temperatures (°C)
Data 1 i Voltage p P,
Point (A) (A/cm?) V) Tca Tcs Tga Tge 6T, 6T, (W) W)
1 0.881 0.22 10.736 34.6 35.5 22.8 23.9 12.25 11.15 9.46 1.35, 1.2
2 0.990 0.247 11.307 37.2 38.2 23.4 24.5 14.3 13.2 11.2 1.7, 1.5
3 0.954 0.238 11.10 37.0 37.8 24.1 24.9 13.3 12.5 10.6 1.6, 1.0
4 0.920 0.23 10.87 37.0 37.8 24.6 25.5 12.8 11.9 10.0 1.6, 1.1
5 1.915 0.479 14.00 56.5 57.5 27.8 29.3 29.2 27.7 26.8 0.9,0.8
6 1.663 0.416 13.4 52.3 53.0 27.4 28.7 25.3 24.0 22.28 1.6, 1.3
7 1.322 0.331 12.3 45.4 46.1 26.7 27.8 19.1 18.0 16.26 1.5, 1.3
8 1.167 0.292 11.7 42.5 43.2 26.3 27.3 16.6 15.6 13.65 1.7, 1.4
9 1.401 0.35 12.6 47.6 48.4 27.2 28.0 20.8 20.0 17.65 22,16
10 1.23 0.307 12.1 443 45.0 26.6 27.7 18.05 16.95 14.88 1.9, 1.6
11 1.34 0.335 12.5 46.5 47.4 26.9 28.0 20.1 19.0 16.75 2.1,1.8
12 1.282 0.321 12.53 45.5 46.2 26.7 27.8 19.15 18.05 16.06 1.8, 1.5
13 1.326 0.332 12.6 46.5 47.2 27.1 27.9 19.75 18.95 16.7 2.15, 1.5
14 1.294 0.323 12.5 45.9 46.6 27.0 28.0 19.25 18.25 16.18 1.95, 1.5
15 1.088 0.272 11.7 41.6 42.4 26.3 27.3 15.7 14.7 12.73 1.8, 1.45
16 1.477 0.369 13.3 50.0 50.6 27.4 28.5 22.9 21.8 19.64 2.1, 1.6
17 1.191 0.298 12.3 44.1 44.8 26.6 27.6 17.85 16.85 14.65 2.1, 1.6
18 0.663 0.166 9.5 33.2 33.8 25.1 25.8 8.4 7.7 6.30 1.1, 0.7
19 0.604 0.151 9.1 32.3 32.5 25.4 25.5 7.0 6.9 5.5 1.0, 0.0
20 1.54 0.385 13.8 52.6 52.8 28.4 28.8 24.3 23.9 21.25 2.6,1.4
21 1.80 0.450 14.7 58.2 58.6 29.2 30.0 29.2 28.4 26.46 1.9, 1.1
22 1.854 0.464 15.0 59.9 60.1 29.5 30.5 30.5 29.5 27.8 1.7, 1.0
23 1.719 0.430 14.8 57.6 57.9 29.5 30.2 28.2 27.6 25.4 2.0,1.0
24 1.408 0.352 13.8 51.4 51.8 28.8 29.4 22.8 22.2 19.4 2.7, 1.8
25 1.363 0.341 13.65 50.6 50.9 28.6 29.4 22.2 21.4 18.6 2.7,2.0
26 1.319 0.330 13.8 49.6 50.0 28.5 29.3 21.3 20.5 18.2 22,15
TABLE III 1. There are linear regions where, to a good approxima-
Excess Heat Production tion, the excess power increases directly with the current
density.
Cell 2. Between two neighboring linear regions, there is a tran-
4 5 sition region in which the excess power versus current density
curve for the lower current density linear region has its slope
Period of excess heat decrgased to give a relative peak excess power fq]lowed by a
broduction (s) 1.73 % 10° | 1.22 x 10° .relatlve minimum of excess power z}ssocxate_d with a “cusp”
Excess heat, Q (MJ) ’ 0.35 ’ 0.2 in the excess power curve. The next linear region begins to the
Average exc’ess power, right of the cusp.
EleI:)catl;goEi\Z;rea (cm?) i.O 1.6 ' 3. The TRM predicts that at a high enpugh current den-
Average areal specific excess sity, ,Ehe excess power versus current density curve will “roll
power (W/cm?) 0.5 0.4 over to zero.
3
ilf‘::;gsz v:clilggee)((cc?ss)power 0.4 04 Figure 5, a duplicate of Fig. 13 of Ref. 1, disp]ays these fea-
(W/em 3p) 5 4 tures. (Reference 1 shows how the mathematics of the TRM
produces these features and provides a physical explanation

Excess Power as a Function of Current Density

The TRM predicts three significant features for the case
in which excess power is explored as a function of current
density with the electrolyte temperature held constant':
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for them.) Least-squares fits of the TRM to the experimen-
tal data of cells 4 and 5 are shown, respectively, in Figs. 6 and
5. All three features predicted by the TRM are seen for the
case of cell 5 (Fig. 5). (Note, however, as indicated in Ref. 1,
that the data of cell 5 for this “constant temperature” exper-
iment is associated with two temperatures. Thus, the data
points associated with a current density below 330 mA/cm?
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Fig. 5. Excess power versus current density (temperature held rel-
atively fixed) based on the data from cell 5 showing actual
data points (error bars) and the curve (solid line) generated
by the TRM.

H
T

Excess Power (W)
[e] w
T T

1 1 1

|
00 100 200 300 400 500

1 Il — 1 1 L

Current Density (mA/cm?)

Fig. 6. Cell 4 data showing the fit of the TRM. The solid curve
is generated using the TRM. The low-lying data point at
230 mA/cm? is now seen to be located at a cusp predicted
by the TRM. The fit is not much better than that in Fig. 7,
so that this constitutes only skimpy evidence in support of
the TRM.

are associated with an average temperature of 312K, while
those above that current density are associated with an aver-
age temperature of 329K. Thus, as Ref. 1 explains, the two
groups of data were fit with the TRM using these two tem-
peratures. Figure 5 thus displays the two theoretical segments
“stitched” together.) Approximately 30 min elapsed between
the taking of successive data points to achieve a steady state.

The cell 4 data (Figs. 6 and 7) were taken after Bush had
arrived at the form of his model presented in Ref. 1, but be-
fore some of its interesting consequences were apparent.
Nothing at that time suggested that there was anything spe-
cial about the low-lying data point shown in Fig. 7 at a cur-
rent density of ~230 mA/cm?. In fact, it was thought that
the large deviation of this data point from the straight line
shown in Fig. 7 indicated that a steady state had not been
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Fig. 7. Plot of excess power versus current density for cell 4 with
cell temperature held relatively fixed.

reached in the case of that data point. Bush then realized that
the present form of the TRM with the important energy shift
would lead to the prediction of relative minima (cusps) in a
plot of excess power versus current density with the temper-
ature held constant. Figure 6 shows the fit of the TRM as a
solid curve with a cusp (relative minimum) at ~230 mA/cm?.
However, the data point at this current density was the only
feature in the cell 4 data that gave any indication of the pos-
sible correctness of the model. It was later found that the
model gave a good fit to the data of cell 5. In the experiment
with cell 5, the TRM was, in fact, employed to suggest where
data points should be taken in order to check the model.

In the case of cell 4, it is conjectured that the current den-
sity was not large enough to cause a rollover to zero of the
excess power at the upper end. As discussed in Ref. 1, the dif-
ference in the energy shift (which may be associated with
overpotential) in cells 4 and 5 could account for a higher
threshold current density in the case of cell 4 being necessary
to achieve rollover to zero excess power.

Excess Power as a Function of Temperature

In this experiment, the electrode current density was held
constant at 252 mA/cm?, and the excess power was moni-
tored as a function of cell temperature. Table IV lists the
data for this experiment, while Fig. 8, taken from Fig. 18 of
Ref. 1, indicates the good fit of the model to the data. Bush'
discussed why this cooling would be effective in boosting the
excess heat output in the context of the TRM.

CONCLUSION

Figures 5 and 8, based on Figs. 13 and 18, respectively,
of Ref. 1, show the good fit of the TRM to the data in two
radically different types of experiments. We conclude, in
agreement with Ref. 1, that not only does this provide strong
support for the TRM, but it also strengthens the claim that
the Fleischmann-Pons excess heat effect is genuine.
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TABLE IV
Cell 5 Data for Constant Current*
Temperature (K)
Py
Point TCA TCB Taug (W)
1 331.2 331.6 331.4 0

2 326.9 327.7 327.3 1.45
3 323.5 324.0 323.8 1.15
4 321.1 321.4 321.2 2.0
5 319.0 319.5 319.2 2.2
6 317.4 318.0 317.7 1.9
7 316.3 316.8 316.6 1.65
8 314.8 315.5 315.2 2.5
9 313.4 313.7 313.6 2.45
10 312.0 312.8 312.4 2.83
11 310.7 311.3 311.0 2.5
12 309.7 310.1 309.9 2.2

*Current = (1.012 + 0.002) A, cathode surface area =
(4 + 0.2) cm?, and current density = (0.252 + 0.13) A/cm?.

Excess Power (W)}
[\
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0 | | | | 1 | 1 e 1
290 300 310 320 330 340

Temperature (K}

Fig. 8. Excess power versus temperature at constant current den-
sity for cell 5. The good fit of the TRM (solid line) to the
data points (errors bars) in this “cooling” experiment lends
strong support to the TRM.
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We recently worked with a new cell design that we feel is
superior from the standpoint of the calorimetry. We have also
added a computerized data acquisition system that has im-
mensely improved the gathering and processing of calorimet-
ric data. Two new cells were run as regular (light) water
blanks but gave no evidence of excess power or heat. How-
ever, we have again obtained data that exhibit the interesting
“fine structure”: “hills” separated by a “V-shaped” valley with
a cusp at the bottom in a plot of excess heat versus current
density (as in Fig. 5), which is fit by the TRM. Storms? has
suggested that, since our equipment is so radically different
from that employed for the data of this paper, it is, assuming
the data’s correctness, essentially as if an independent corrob-
oration of our experimental work, as well as the predictions
of the TRM, had been carried out.
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