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1. Introduction and Assembly

1.1 System Description 

The ICARUS Version 2 Electrochemical Isoperibolic Calorimeter Data 

Acquisition and Processing System is comprised of: 

• an integrated data acquisition system, ICARUS2.EXE, interfaced to

• a set of isoperibolic Dewar electrochemical calorimeters,

• a real-time graphical display system which shows the record of the cell
temperature and cell voltage as a function of time, a data processing
system package which tabulates all of the quantities necessary for the
determination of the heat transfer characteristics of the calorimeters, and

• a set of output routines which provide raw data files and associated files.

When used as instructed, the package is capable of determining precise 

(better than 0.01%) and accurate (better than 0.1%) values of the heat transfer 

coefficients of the operating calorimeter cells. All data transfers between the 
7 

measurement device and the computer, and are handled via an IEEE-488 (GPIB) 

bus and are fully controlled by the ICARUS program. 

1.1.1 Enhancements and improvements 

The following enhancements and improvements have been implemented 

in the ICARUS 2 Electrochemical Isoperibolic Calorimeter Data Acquisition and 

Processing System: 

• The system temperature range has been extended to include measurements
up to and at the boiling point of the cell contents (approximately 100°C).
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• The accuracy of the cell parameter measurements has been improved.

• A new data acquisition system and interface has been implemented
reducing timing errors to better than ls per day.

� 

• The electrode mounts have been improved, which results m )owe cell
potential "ooise".

• The display interface has been improved for better real time parameter
monitoring.

• 

r,Jo� �4'-<.,

Facilities for automatic gravimetric analysis of the distillate from boiling
cells have been implemented. An improved cell top termination holder
has been designed and implemented for this purpose.

• The precision and accuracy of the temperature measurement system has
been improved through the use of more accurate calibration techniques
and improved low resistance circuitry.

• Experiment versatility has been greatly extended by the use of a new
control panel and system wiring.

• The data processing packages have been extended for use under a variety
of conditions.

• Duplicate thermistors are used in each cell;

The data acquisition system is designed to run continuously for the entire

duration of an experiment. Due to the nature of the behavior of the electrodes 

typically used in these experiments, interruption of the system or the experiment 

for any reason usually requires the complete reinstallation of all of the cells and 

restarting of the data acquisition system. However, in non-critical experiments, 

there is no problem in stopping the cell(s) or the control program, and restarting 

the system as desired. (See Section 2.7) However, the determination of the heat 

transfer characteristics may not be correct during periods following any system 

interruption or interruption of the electrochemical reaction in the cell calorimeters. 

For other problems and maintenance of the system see Chapter 3. 

1-2



1.2 System Assembly 

1.2 System Assembly 

1.2.1 Unpacking and basic positioning of components 

Please read all of this section carefully before opening any of the shipping 

cartons. 

All the equipment and supplies in each of the shipping cartons should be 

unpacked and placed on a large table top. Special care should be taken in opening 

the cartons marked "Cells" and "Thermistors." 

The identification numbers of the thermistors supplied with your system 

are numbered and these numbers correspond to the cell numbers and the locations 

on the front panel of the ICARUS 2 control interface to which they will eventually 

be connected. The thermistors are tightly enclosed in very thin glass tubes to 
.. . ' 

effect high rates of heat transfer from the solution to the thermistor probe tip. 

Special care must therefore be exercised when handling these assemblies. 

Basically, care should be taken not to shock the glass tubes in any way. The leads 

should be kept in as straight a line as possible. No stress should be applied on the 

leads as any pulling or bending might break the soldered connections between the 

exterior leads and the short leads attached to the thermistor bead, or may cause 

displacement of the thermistor in the glass tube. These assemblies have been 

carefully calibrated in their glass case configuration and any alteration of this 

configuration might result in the necessity for recalibration. 

The entire assembled system will appear as shown in Figure 1-1. 
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igure 1-1. �chematic diagram s�wing equipment setup for ICARUS Version 2.0.

First assemble the system frame as shown in Figure 1-2. There are a total

of 5 shelves to be fitted. The shelves should be placed in the locations shown in

the diagram. The slot numbers indicated are counted down from the top of the L

beam support legs. Take care to assemble the frame with the cross-support strips

provided to prevent any rotation after all the components are placed on the

shelves. When completed, place the vinyl feet on the bottom of each of the 4

vertical support legs.
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1.2 System Assembly 

Figure 1-2 Assembly of system frame. 

Assemble the 2 computer tables according to the instructions enclosed in 

the computer table carton. We suggest that the small shelf be mounted in the top

most position of the support legs, and the main two shelves attached in about the 

14th slot position from the top. The side shelves are optional, and may be installed 

as you prefer. 

(:,-k,.s--5 tcl- IJl-f,t:
The aluminium thermostat tank should be placed on shelf #5 o� the right

hand side near the back of the shelf as shown in Figure 1-1. The slot on the bath 

which accommodates the heater/temperature regulator should be on the left hand 

side of the tank. The cell clamp holders will then be at the rear of the water bath. 

IJM Y-•'t:-1.,.\. � .s-� 

The bath cooling assembly is laced on the hand side of the bath on 

shelf #5. The cooling coil should be placed into the thermostat tank and clamped 

in the water bath tank at the approximate position shown in Figure 1-3. 
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���\\.. 
Figure 1-3 Placement of the bath coo�nit and bath temperature control unit with 

respect to the thermostatted bath. 

The ICARUS 2 control box is mounted under shelf #4 directly over the 

bath with the brackets provided. 

The T�chne TE- stirrer/heater/regul<!tor unit should be fixed via the 
,r,-;; - V',, �.... � screw clamps in the deep slot on th le hand side of the tank, next to the cooling 

coil. Adjust the positions of this unit and the cooling coil so that they are not in 

contact with each other. 

The HiTek DT2 l O I pot_entiostat that powers the cell internal calibration 

heater is mounted on the left side of shelf #2 as indicated on Figure 1-1. This unit -----. 

is identified by the additional red socket above the set of 4 color coded screw 

terminals at the right hand side of the front panel) and a square mounted BNC 

probe connector on the bottom right hand side, instead of the round 'protruding 

plugs on the cell control potentiostats. This heater calibration potentiostat will 

handle up to 3 calibration heaters. 

One of the three HiTek DT2101 potentiostats for controlling the cell 

currents is mounted on the right side of shelf #2. The remaining two potentiostats 

for controlling the cell currents are mounted on shelf #3. 
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1.2 System Assembly 

The Hewlett Packard scanning DMM unit is placed on shelf #4 in the 

approximate position shown. 

The 486 data acquisition computer is placed on the floor close to the 

computer table as also shown in Figure 1-1. (This computer is identified by the 

installed standard IEEE-GPIB connector on the back of the computer.) The 

computer display console and the keyboard should be located on the computer 

table approximately as shown. 

The remaining 486 data processing computer is a remote machine and 

may be installed wherever the user desires. 

1.2.2 Water bath connections. 

The water bath should be cleaned to remove particulate matter with a dust

free cloth and distilled water, and rinsed with distilled water. It should then be 

filled to within I cm of the top with di.$ti)led wat_er. It is good practice to add 0.5-

1.0 gm of sodium azide (NaN.J to the bath in order to keep the bath clear and lvtJ.....lV:3 

clean from bacteria, etc. during the duration of the experiment. The polyethylene 
' 

,balls supp lie� should also be cleaned in distilled water, and then added to the bath FI ll.-d•,"-z._.. b.i,l-1.. � 
so that the top surface of the water is tota_lly covered. These are used to reduce 

heat transfer between the bath and the ambient, and will diminish the e:vaporation 

rate from the bath. Mcl.ke sure that none of the balls become lodged in either the 

coolino coil loo s, or the submerged portions of the bath heater/control/circulator 

unit as this will impair the circulation of water and affect the temperature stability 

of the bath. 

The temperature controller should then be set to about 20°C ( close to the � 

room temperature), and the unit turned on. You should observe rapid, unhindered 

circulation of the water, and the pump unit should run silently. Switch on the 

cooler unit. Both of these units will run continuously throughout the experiment. 

-:2 Q. ec..-

-(wt--t i;') 

RPVWI' 

-:2...3 -'2 't "l-
For optimum precision of the measurements, we further recommend that the 
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ambient room temperature be close to that of the water bath temperature, and that
� / \ ' 

the am,ment temperature is controlled to +(0.5-1 °�). 
��� L-'<.S ,S (...Qv\ht.> l Q. \_ (V t-t i;. ( -+ \ --:i.. 0 c_ 

J
1.3 Cable and Wire Connections 

There are several sets of wire and cable connections to be made between 

all of the transducers and instruments. 

I& NOTE: If electronic equipment does not come with your local electrical 

power plugs installed, please note that for the potentiostats, the 
yellow/green striped cable is ground, the brown lead is live (high) and 
the blue cable is neutral. Consult the instruction manuals for each of 
the other instruments for the appropriate color codes for each cable. 

1.3.1 Computer connections 

The computer connections are conventional and consist of connecting the 

keyboard and display console to the appropriate input/output connectors on the 

central processing unit. The display console and computer are ship�d for 2� 

vQ.lt / 50Hz operation. If this power source is not available, then you should obtain 

an appropriate power transformer which outputs this voltage. We suggest a 

transformer with an output power of at least I .5 KY A for the entire ICARUS 2 

system. Your computer may, however, contain an automatic power switching 

transformer. Please check the specification sheet for your specific computers, and 

determine if this is the case. 

Carefully connect one end of the enclosed IEEE cable to the appropriate 

IEEE connector on the back of the central processing computer. Make sure the 

cable is pushed all the way into the connector, and both clamping screws turned all 

the way into the appropriate female nuts on the connector mounting. Attach the 

other end of the cable to the Hewlett Packard data acquisition instrument on the 

rear panel. 
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1.3 Cable and Wire Connections 

Connect the calibration heater potentiostat / galvanostat control cable.
Locate the appropriate cable (this has a BNC connector on one end, and a standard
25 pin computer parallel port connector on the other). Attach the 25 pin parallel
connector to the 25 pin parallel connector located on the rear of the control
computer. The other end (BNC connector) is connected to the "PROBE" BNC
socket on the front panel of the calibration heater potentiostat / galvanostat.

1.3.1.1 "Normal" operation (three galvanostat) cable connections 
��14'::'L 

The use of one galvanostat for each cell 'Uu.c.-{ UV\(__ � ... 1�s\-,i(- -� 
. C3..eJ+·-ev -h.vi, Gdl5 � r, S'...e-,,,."e-4 ..,

Ma.ke sure that the power switch of each galvanostat is off. Connect the
three galvanostat output cables between the front panel galvanostat sockets SE, RE
and WE to the corresponding cell potentiostat sockets on the rear of the ICARUS 2
control box: each of these are also labeled SE, RE, and WE, see Figure 1-4 and
Figure 1-5. IVI-\E _ tiA..,:,� c.e...,q � ;.i-,.) OW""Vl_ a..Jv�\-�3-,

n:w' NOTE: Make sure that the ganged three lever toggle switch located at
the upper right hand corner of the rear panel is switched up to the "1
POTENTIOSTAT / CELL" position.

<2.. () 1 1 1Vd-l-�

Tk<- f �-eY--vv\.O..s � � lo A- H\ 4.,-\-· tV HE' \..A.l'A:::5 � k....s
--rhe..-v--e. � .f-otvvv\ ,-"V\...r"" \ "A-� O"V\. ..., l l � � i-tL_

� VY\ � bcJ�, A- --v��w �S• �t- �+ 

� �+ ("'�� -h> 4,Ll¢v..J c-£L'V-e..c.-t- c>-Jc.cA'\ -vwt-�� 6f 
�l\ �� <: .... e.. .. u .. � '-'""'- � 6c...� ,, f),v� v:-..s<.,U<.\ob 15 ...e.-,�i'ov\s l-L-v..e 4. .g-.-� G\.S�+ ✓ 

E tl.,(./� � �¼ � "1_ ..So l� � l4.-S.s � c, {-� 
1 

� 

�.\ 

...s CJl ,c.J 5 \ -ts s lo �A-;�

�.s �:,� .. 
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Figure 1-4. The rear panel of the ICARUS 2 control unit. 

Tum all of the front panel control box toggle switches (see Figure 1-7) to 

the up (ON) positions. Make sure that the CELL / DUMMY switch on the front 

panels of the galvanostats is in the "DUMMY" position (no current position). 

,1.::.: - �= =:-� ... �1A.:. 

.;.., a 
• 

=:::::J i,1G �/3 

I D 

POTE�TIOSTA T 

:JOO 

Figure 1-5. Front panel layout of the control potentiostat / galvanostat. 
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1.3 Cable and Wire Connections 

1.3.1.2 "Special" operation (single galvanostat) cable connections 

The use of one oalvanostat for three cells Ul-tf-J � <5'-'ll"\hlv"lu.S �\""3 

For certain low level precision calorimetric experiments, it is desirable to 

use a single potentiostat to power three cells connected in series. In this situation, 

make the following connections. 

Make sure that the ganged three lever toggle switch located at the upper 

right hand comer of the rear panel is switched down to the "l POTENTIOSTAT / 

3 CELL" position. Connect the three appropriate galvanostat cables between the 

front panel' galvanostat sockets SE, RE and WE to the corresponding sockets on 

the rear of the ICARUS 2 control box at the POTENTIOSTA T CELL I position 

only (far left hand side of the rear panel). It is important not to make connections 

to the sockets labelled POTENTIOSTA T CELL 2 or POTENTIOSTA T CELL 3. 

1.3.J.3 Connection of t/ze heater galvanostat 

Again, make sure that the power to the heater galvanostat is switched off. 

The heater galvanostat is connected to the rear panel of the ICARUS 2 control box 

similarly to the connections of the cell galvanostats, except that an additional cable 

is required from the additional red socket at the top right hand of the galvanostat to 

the additional socket on the control box labeled "RED SOCKET". Make sure that 

the CELL / DUMMY switch on the front panel of this galvanostat is also in the 

"DUMMY" position. 

1.3.1.4 Connection of t/ze ICARUS 2 control box to t/ze HP data 

acquisition unit 

There are two sets of sub-D connectors on the rear panel of the ICARUS 2 

control box. The thermistor signals from each of the cells and the bath are 

transmitted from the control box to the Hewlett Packard data acquisition system 

through the smaller (15 pin) sub-D connector, while the cell current, cell voltage, 

and heater current signals are transmitted through the larger (25 pin) sub-D 
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connector. Each of the wires leading from the end of the cable are labeled, and are 

to be connected to the appropriate internal screw tennination block in the Hewlett 

Packard multiplexer unit 44705A according to the positions shown in Table 1. 

Remove the plug-in multiplexer unit from the rear of the data acquisition 

mainframe as instructed in the Hewlett Packard instruction manual. Run the loose 

wire ends from each cable through the slots on the small plastic rear panel of the 

multiplexer unit, and with a small screwdriver, attach each cleaned bare wire end 

to the appropriate terminal. On the terminal strip of the HP 44 705A, the guard 

connector terminals must be shorted to the "LOW" connector terminals with a 

short length of copper wire. Make all of these screw connections before 

connecting the cable to the sub-D connectors on the control box. When finished, 

re-insert the multiplexer into the slot at the rear of the mainframe, and lock it into 

place. The cable sub-D connectors may now be plugged into the appropriate fixed 

sub-D connectors on the rear of the ICARUS 2 control box. 
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CABLE 

WIRE 

COLOR 

Red 
Black 
Red 

Black 

Black 

SUB D25 CONNECTOR 

WIRE 

LABEL# 

4 
4 

7 

7 

44705a 

multiplexer 

connector 

6Low 
7 Hi 

13 Low 

CELL# 

2 

FOR 

MSMT. 

OF CELL 

Current 

SUB DIS CONNECTOR (Relative to international color code) 

CABLE 44705A CELL# Therm Size 

WIRE 

COLOR 

Red 
Orange 

I? : : =;£::el1BWt 

multiplexer 

connector 

1.4 Cell Preparation and Installation 

1.4.1 Preparing and connecting the cells for operation 

The 3 cells that are shipped with the ICARUS 2 system are numbered for 

cell locations 1, 2, and 3. Please see the specification sheet for the details of your 

A-\ p"e,_ Ce-. '1 

A--")_ PJ..- "' s t:J

A--3. Nv-ee... 1-13





1.4 Cell Preparation and Installation 

1.4.1.3 Drying,filling and sealing of t/ze cell 

Please make special note of the construction of the cell (see Figure 5-1 for 

a schematic diagram of the cell) as it will be necessary to disassemble, clean, and 

rebuild the cell for subsequent experiments. You will notice that most of the 

components of the cell are su 

thin Ke.J._-F plug in the bottom of the cell. 

The cell has a special �el-F to 

components which protrude through it. This is to restrict all va or to exit the cell 

strict! throt!_gh the distillation tube also mounted in t e caQ_. For experiments at 

the boiling point of the electrolyte, the vapor is collected and condensed, and 

collected in a flask resting on an electronic balance underneath the thermostatted 

bath. This balance is used to measure th� quantity of distillate as a function of 

t/me for apalysis of the heat generated in the cell under conditions where the main 
• 

mode of heat transfer from the cell is throuoh the vapor emitted from the cell. 

Make sure that there are . no short circuits betv,,een any of these 

components by visual inspection and with a DVM. The cell should be dried at 

50°C for at least 24 hours, and quickly transferred to the glove bag for filling. At 

this time the glove bag should be filled and purged as described. If a glove box is 

available, this process is simplified. 

The cell is then filled through the filling hole in the Kel-F plug at the top. 

Remove the solid 0lass rod lu0 from the fillino hole. Fill the cell with 90.0 mL of 

the appropriate electrolyte solution (9. lM LiOD or LiOH) by means of a !lghtly 0_ 1 1"1 i op 
sealed h odennic s rinoe (see also Section 3.1). The hole should then be re

sealed with the solid glass rod. 

1.4.1.4 Mounting of cell in t/ze water bat/z 

After each cell is filled and sealed, it may be removed from the controlled 

atmosphere container and placed in the water bath. The cells should be mounted 

as deeply in the bath as possible without getting bath water too close to the top of 

1-15
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CHAPTER 1 INTRODUCTION AND ASSEMBLY 

the glass portion of the cell. The clamps holding the cell should not contact the 

water, although they will be quite close to the top level of the bath. 

1.4.1.5 Connecting the cell leads to the ICARUS 2 termination and 

control unit 

When the cells are correctly positioned in the bath, all of the leads from 

t�e component� of t� th� cells _are � be connected to th�rol box mounted

above the bath. For each cell (1, 2, and 3), after they have been placed in the bath, 

attach each lead for the <!QQ.Q._e and cathode (one connection each), �hort and long 

thermistors (2 connections each), and the h ater (2 connections) in the 

appropriately marked screw termination strip position. Affix these wires firmly 

with a small screwdriver. Do not overtighten as you may damage the termination 

strip. Attach the leads for the bath thermistor to the last two terminals marked 

"bath". See Figure 1-6 and Figure I-7 for the proper location of these connections. 

The system is now assembled. 
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Figure 1-6. Schematic wiring diagram for the ICARUS 2 control unit. 
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CELL 

ON 

! 

OFF 

HEATER I 

ON 

! 

OFF 

CELL 2 

ON 

! 

OFF 

HEATER 2 

ON 

! 

OFF 

CELL 3 

ON 

1 

OFF 

ICARUS2 

Figure 1-7. The front panel layout of the ICARUS 2 control unit. 

1.5 Operation 

1.5.1 Setting up the cell control potentiostat / galvanostats 

HEATER 3 

ON 

! 

OFF 

Make sure that the power to the cell control potentiostat / galvanostats is 
c), ,<, 

switched on and that they have been warmed up for at least 24 hours. Make sure 

that the cell switch is still in the "DUMMY" position. Temporarily disconnect the 

two electrode lead wires at the ICARUS control unit from the cell. Attach a I KQ 

2W (minimum) metal film test resistor to the same electrode connectors on the 

ICARUS control box. Switch the two potential ± polarity switches for channels 

"A" and "B" on the left side of the front panel to the center "OFF" positions. Turn 

the two "A" and "B" cell potential control potentiometers, also on the left side of 

the front panel, fully counterclockwise (zero potential) position. Rotate the left 

hand panel meter control switch first to the "A" and then to the "B" position to 

make sure that the reading of the applied internal potential on each channel is zero. 

Press the TRIG A/B selection button until the "A" red LED indicator is lit. Set 

the panel meter control meter also to the "A" position. 

Place the current meter switch on the right center side of the front panel to 

minimum sensitivity (fully clockwise, 2000 mA position). Switch the cell switch 
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1.5 Operation 

on the right side of the front panel from "DUMMY" to "EXT" position. This 

applies the internal potential on the "A" channel (zero volts) to the output, and 

therefore to the test resistor. The cell current meter should therefore read 

"0.000A." Push the TRIG A/B button to select the "B" channel voltage (note the 

movement of the red LED indicator to the "B" position). The cell current should 

also read "0.000A." Push� both.of the potential polarity switches on the left side 

of.the front panel to the "+" positions. The current meter should still read zero. 

Slowly rotate the "B" channel potentiometer to increase the voltage. The current 

meter should now indicate that there is positive current flowing through the 

circuit. Continue slowly increasing the "B" voltage until the current reads 

approximately 0.500A. If the system appears stable, decrease the applied "B" 

voltage to precisely 0.200A. Now switch the TRIG A/B button to change to the 
.. 1 

"A" voltage. The current should read zero mA. Change the left panel meter to the 

"A" channel. The indicated voltage on the "A" channel should still be zero volts. 

Tum the "A" potentiometer to cause current to flow in the external circuit. Slowly 

increase the voltage as before until there is approximately 0.500A flowing in the 

external circuit. If the potentiostat voltage and current indicators are stable, 

decrease the "A" voltage until the current is precisely 0.200A. Now toggle 

between channels "A" and "B" by repeatedly pushing the TRIG A/B button. The 

current meter should read the same value, 0.200A, as each channel is selected. 

Switching benveen the "A" and "B" channels on the left side voltage panel meter 

should also show that the same voltage is being applied on each channel. Switch 

the cell switch on the right side from the "EXT" position to the "DUMMY" 

position to turn the power in the test circuit off. Qo not change any of the front 
I 

e_anel settings as the potentiostat / galvanostat is now ready for operating the cell, 

It makes no difference now whether you select the "A" or "B" channel since the 

same current will be applied in either case. 

Disconnect the test leads and the test resistor. Replace the cell electrode 

leads back to their original positions. The cell is now ready to operate at 0.200A. 

C 8"V\ .c;,.__s-'°" !l
- ----- 'I\ t, D .. � .. ,f-.ro 
1,l.- -L - r 

f.l'I. <-«-L �.

(_?) 
('.� +- � 

b,(__ �..,.,,of,s; ,-f 

i� '""'� 

I -=-- o .. Q...oo 

·::tt:,J.� � I=- o .. I So A -½ ��-d (e,.,,J t&:,s,

(. IJl/: � /vkf- �bc-ok J
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Re�at this entire procedure for tbe other two potentiostat �s. 

Note that the precise currents through the cells are automatically and continuously 

measured by the data acquisition system. 

1.5.2 Setting up the calibration heater potentiostat I galvanostat 

The leads to the three heaters in the three cells are already connected in 

series in the control unit when the front panel toggle switches are in the "ON" 

position. Repeat the calibration procedure described in the last subsection, except 

for setting the current to read precise)� �.05Q6. For more precise calibration, you 

can use the 200 mA scale on the current meter, and use the method described in 

Section 5.3. Note that the ICARUS 2 system measures the heater power. Check 

the BNC cable leading to the parallel port on the rear of the computer to the BNC 

connector on the bottom right side of the front panel of the potentiostat I

galvanostat. This BNC is marked "PROBE." The indicator LED on the front 

panel should nQt be illuminated. The unit is now ready for operation. 

1.5.3 Use of the front panel of the control box 

The front control panel of the ICARUS 2 control box has 6 safety lock 

toggle switches that can be used for additional control of experiments. These rules 

apply for both modes of operation (Normal, three control galvanostat, or Special 

single galvanostat). 

"Normal" mode: There are three alvanostats, each controllin° a single 

six toggle switches are in the "ON" position. If for some reason the cell current 

needs to be terminated (such as when a cell becomes "dry" after boiling out 

contents, or if there is a problem with internal cell connections) this is easily 

effected by simply turning the appropriate CELL switch "OFF". This in effect 

terminates the experiment. Similarly, it is often desired to run the cell for several 

days without a heater calibration cycle, or even to remove a cell from the bath for 
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1.5 Operation 

repair, etc. This is also easily effected without interrupting the operation of the 

other cells or without interrupting the data acquisition system by simply turning 

the HEATER switch "OFF" for the appropriate period of time. During any period 

when the CELL and the HEATER switch is "OFF", the cell can be safely and 

conveniently removed from the bath after disconnecting the cell leads from the 

front panel termination strip. 
_ 9 

tJo � /\N>W"--
"Special" moderThere is one galvanostat controlling all three cells, and

� 

a heater potentiostat powering the heaters in all three cells. Normally all six 

toggle switches are in the "ON" position. If for some reason the cell current needs 

to be terminated (such as when a cell becomes "dry" after boiling out contents, or 

if there is a problem with internal cell connections) this is again easily effected by 

simply turning the appropriate CELL switch "OFF". This in effect terminates that 

particular experiment. Similarly, it is often desired to run a cell for several days 

without a heater calibration cycle, or even to remove a cell from the bath for 

repair, etc. This is also easily effected without interrupting the operation of the 

other cells or without interrupting the data acquisition system by simply turning 

the HEATER switch "OFF" for the appropriate period of time. During any period 

when the CELL and the HEATER switch is "OFF", the cell can be safely and 

conveniently removed from the bath after disconnecting the cell leads from the 

front panel termination strip. Remember that all three cells are connected in 

series. If there is a problem with the cell power galvanostat, then all three of the 

cells are affected. In this case, it is necessary to terminate all three experiments. 

tJ1:K � 
"Manual" mode: If it is desired to control the heater calibration cycles

manually, follow this procedure: First, make sure that the heater galvanostat is in 

the "DUMMY" (no current) mode. Disconnect the BNC connector cable (that 

leads to the computer) from the front panel of the galvanostat. DO NOT 

disconnect the sub-D connector at the other end of the cable from the rear of the 

computer: this will lead to a crash of the data acquisition computer. Press the push 

button switch on the front of the galvanostat so that the small LED is lit. This 
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means that current will flow continuously from the galvanostat when it is switched 

on. Tum the cell switch to "CELL", and current will flow. The current in the 

heater of any cell can now be controlled by using the appropriate "HEATER" 

toggle switch on the front panel of the control box. 

1.5.4 Turning on the ICARUS 2 system 

Make sure that the power switches of each piece of equipment are 

switched "OFF." Additionally make sure that the cell position of each of the 

potentiostat I galvanostats is switched to the "DUMMY" position. Each piece of 

equipment should now be connected to the appropriate power source. The power 

to each instrument is switched on (except the bath cooler unit and the bath 

heater/controller/circulator, although they may be switched on for 5-10 seconds to 

make sure the power source is adequate). The user should wait for all of the 

instruments to warm up for at least 24 hours before commencing with any 

experiment. No action should be made with the computer, except to make sure 

that it hard boots correctly. This will be evidenced by the appearance of the 

C: \ICARUS\ICARUS2\ on the display console. 

If all of the indicator lights on the central processor are on, and the console 

power light is on, and if the screen does not have any images on it, or if the 

computer sends several audible warnings, then tum off the power switch, wait for 

at least 10 seconds, and try again. Repeat this process 3 or 4 times. If the 

computer still does not boot and there is no image, or if the indicator lights are not 

on and brightly displayed, then there is most likely a problem with the power 

source to the computer. This should be checked carefully (including the polarity 

of each of the leads in the power cable). Try booting again according to the above · 

procedure. If the machine still fails, then you should contact ICARUS 

immediately to see if the problem can be simply resolved. 

Installation and preparation is now complete. Please refer to the following 

chapter for information on how to begin a set of experiments. 
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2. Acquisition System Operation

2. 1 ICARUS version 2 Installation

This version of the software has been designed to run on a QOS 5,0 (or � :;;;---

later) PC _Q)atfonp. and is totally automatic after the program is initialized and 

started. The data acquisition software has already been installed on the 550MB 

IDE hard disk drive of the computer supplied with the system. A backup floppy 

disk set is ·provided for use if for any reason the hard disk drive of the system 

becomes corrupted, see Section 4.13. 

WNOTE: The program makes extensive use of OMA, reserved disk buffer 

space, enhanced graphics buffer space, and reserved enhanced mode 
RAM memory. For these reasons, it is important that the software 
system or the contents of RAM or hard disk memory should not be 
modified in any way. Writing data to, or attempting to edit files already 
on the hard disk (including the CONFIG.SYS and AUTOEXEC.BAT 
files) can corrupt the program, and reinstallation will be necessary. In 
such an event, all previously stored raw data could be lost. In short, 
the computer system and software should be considered to be read
only media. 

2.2 ICARUS version 2 Reinstallation 

If for any reason the system becomes inoperative, you should c;onta.£! 

ICARUS immediately. Do not proceed with reinstallation unless we determine 

that this is absolutely necessary. Doing so could destroy data stored on the hard 

disk. Please be in a location where you can access the computer wh�le talking t.,o 

our office, a� certain diagnostics from the hard disk will have to be recovered and 

transmitted to us so that the nature of the problem can be determined. 
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If we determine that the operating system must be reinstalled, please 

follow the following instructions, in the order given: 

1. Tum the system power off.

2. Tum the system power back on and allow the computer to re-boot.

3. At the C:> prompt on the computer console, insert Disk 1 (Reinstallation
Disk 1) into the A: floppy disk drive. Type the instruction:

A:\> INSTALL 

4. When prompted, enter your system serial number. You will be prompted
to check what you have entered for accuracy. If you have entered the
correct number and want to continue, type Y followed by the� key. If
you have made a mistake, type N followed by the � key, and you will
have the opportunity to correct your mistake.

5. Loading of all of the programs onto the hard disk drive is automatic, and
you will be prompted when installation is complete.

6. Soft boot the system (press the�� and �ke s simultaneously)
so that the reinstalled programs can be initialized.

7. Start the program as described in Section 2.5.

2.3 Start-up Considerations 

In order to conform with the most recent protocols for this type of 

experiment, the system makes the following assumptions and operates under the 

following time sequence: 

2-2

I. Initial checking of all of the equipment has been made.

2. The filled, sealed cells have been placed in the thermostatted bath.

3. T�wer to the potentjostats/galvanostats has been switched on for a,t
$Ast 24 hou4s, and the switches are in the "DUMMY" CELL position (i.e.
no current flowing in the cells) on the galvanostat. 



2.3 Start-up Considerations 

4. The switches on the ICARUS 2 front panel control box are set to their
appropriate correct positions. � 

5. The ICARUS 2 program is started for exam le at�- and data
acquisition commences. The display console is up�5 minutes
(300 s) and you will observe the updating of each channel at the bottom of
the console.

6. A blank, formatted 1.44MB diskette has been placed in floppy disk drive
A of the data acquisition computer.

7. The cells are allowed to thermally equilibrate in the thermostatted baths
for at least 24 hours. The potentiostats /galvanostats are switched on (cell
switch "EXT" position) at exactly 24 hours after the ICARUS2.EXE
program was started (for example here at 10:00 AM). Current is now
flowing in the cells.

8. Cell temperature-time and cell voltage-time data are recorded and
constantly displayed on the console. Under the recommended protocol, no
heater calibration steps are applied to the cell during the first 96 hour
period after starting electrolysis.

9. 48 hours after electrolysis in the cells commenced ( 10:00 AM in this
example), the u�c must cautiously refj)I each cell �jth pure solvent.
Remove the solid glass rod plug for this operation, and replace after

io � u-c.J A.--M. 

� c:t+-
1\/H 1S 

filling.
d U'h E- c..� l 3-.,../) �"'1,.10. 12 hours later ( 10:00 PM), commencing on the St day of operation� under 

current (the 6th day after the program was started), an electric heater
calibration step is automatically applied to each of the cells. The user will
notice an increase in the cell temperature, and a correspo · o decrease in
the cell voltage. The ste w'll e for a duration of 2 hour , and at that
time (10:00 AM the following morning), the powe to the calibration
heater will be automatically terminated. The cell is allowed 'to operate
undisturbed for an additional 24 hours to 10:00 the following day, at
which time a new solvent addition is made (10:00).

I 11. Step (9) is repeated throughout the duration of the experiment, see
12. Figure 2-1 for a schematic of the entire sequence of events.

Around midnight each night, the system will copy various raw data files to
the diskette in floppy diskette drive A. The entire process of tabulating
and writing to the diskette takes up to one minute to finish. This diskette
should be removed and replaced with a new, blank, 1.44MB, 3½ inch
formatted floppy diskette. This replacement can be conveniently made at

�,C-t 
12-6-6 by NHE *
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any time during the next day, but must be done well before midnight each 
day (it is advisable to do this on a routine schedule, every morning at the 
same time for instance). The diskette will hold more than one day's data 
files. However, in order to avoid any possibility of writing over existing 
data files, it is_ recommended that the diskette be replaced each day as 
described. Approximately 36,288 bytes are written to the diskette each 
midnight. If the floppy disk already contains previous data, then the new 
data will be appended to the existing files. Any appended files on the 
diskette will be date marked as of the date of the previous day. The 
diskette is capable of holding up to approximately 15 days of data, so if a 
new diskette is not inserted for a few days, then there is no real problem, 
except for the remote possibility of a hardware failure in which the 
diskette files are overwritten instead of appended. The same files are 
backed up on the hard disk as well, in case of a major computer problem. 
Please contact ICARUS for further details if major problems are 
encountered. 
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Figure 2-1. Example of the time progression of a typical cell response. A data set
(here CELL 1) showing the truncation points for preparing individual data
segments ("experiments") for analysis.
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2.4 The ICARUS2.INI File 

The ICARUS2.INI file is a system infonnation file located in the same 

directory as the main ICARUS 2 executable program. There are 5 lines of system 

parameters stored in this file which may need changing from time to time. Please 

consult the ICARUS personnel before making changes to line 2 of the file. The 

contents of the file appear similar to the following lines: 

s {Number of days before the first heat cycle} 

JAPANl.DAT {Thermistor calibration file} 

0.996 {Resistance for current measurement, cell 1} 

0.997 {Resistance for current measurement, cell 2} 

0.996 {Resistance for current measurement, cell 3} 

The entries on each line must have a fixed fonnat. These are as follows: 

(1) An integer value (no decimals)

(2) A valid DOS file name: Up to 8 characters preceding a "period" (.), with
up to 3 characters following the decimal.

(3), (4), and (5) A real number containing at least one number before the 
decimal point. 

Line l represents the total number of days� the first day that a heater 

calibration cycle is applied. Under the recommended protocol for the ICARUS 2 
. -

�ystem, !bis number is always 5. This represents (a) one day for measuring the 

cell temperature while the cells are sitting in the bath equilibrating before the 

application of the cell currents, (b) 4 days commencing with the time the cell 

current is applied. Under nonnal operation, the cell current is turned on manually 

exactly 24 hours after the ICARUS 2 program is started. 

Line 2 gives the name of the DOS ASCII file where the thennistor 

calibration parameters are listed for the 7 thermistors in the cells and the bath. A 
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file has already been supplied with your system with the name indicated on line 2; 

this file name may be changed if so desired. 

Lines 3, 4, and 5 contain the va� of the resistors for cells 1, 2, and 3 

respectively, for which the current in each cell is determined during operation. 

These resistors are located in the ICARUS 2 control unit, and have already been 

measured during assembly. Under normal conditions, these values should not be 

changed. 

The thermistor calibration file (in the present example JAPANl.DAT) is 

another DOS ASCII file which resides in the same main directory as 

ICARUS2.EXE. This file contains 7 lines, one for each of the 2 thermistors in 

cells 1, 2, and 3, and one for the bath thermistor, respectively. Each line has 4 

entries, each of which is a parameter which is necessary to determine the 

temperature of each thermistor from its measured resistance. These parameters 

should not be changed unless a new calibrated thermistor is installed in the system. 

In this case, the 4 new parameters for the new thermistor must be inserted on the 

appropriate line. Each of these entries must be made in "extended" or "real" 

format (with decimal points), and may contain exponential "E" notation for 

powers of 10. The file content is organized as follows: 

Line I 4 parameters for short thermistor in cell I ( channel 40 I) 

Line I 4 parameters for long thermistor in cell I (channel 402) 

Line I 4 parameters for short thermistor in cell 2 (channel 405) 

Line I 4 parameters for long thermistor in cell 2 ( channel 406) 

Line} 4 parameters for short thermistor in cell 3 (channel 409) 

Line} 4 parameters for long thermistor in cell 3 ( channel 410) 

Line} 4 parameters for the bath thermistor (channel 413) 
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CHAPTER 2 ACQUISITION SYSTEM OPERATION 

2.5 Running the ICARUS Version 2 System 

When the experiment is ready to be started, simply type the command 

(from the C:\ICARUS\ICARUS2> prompt): 

C:\ICARUS\ICARUS2> ICARUS2.EXE � 

and the program will start. 

A prompt screen will appear with two options: 

1. Regular start. This choice is the normal one, and uses the present time as

the starting time for the experiment. Choose this option for a new set of

experiments that are being started for the first time.

2. Restart after interruption. Use this option if you have had to stop the

computer or the system for any reason, and you want to restart the

experiments after repairing the problem. This option in effect uses the
original starting time, and exactly where you were when the experiment

was interrupted. It will check the existing times and will compare this

with the present time to relocate the experiment as if it had not been

interrupted. Heater calibrations will be re-instituted to the status that they
should be at the present time. Remember to refill the cells at the old times

as if the experiment had not been interrupted (make addition volumes
corrected to the time that the experiment was interrupted).

l(g"NOTE: Typically, an experiment should be allowed �ate" in the 
bath with the ICARUS 2 program running, but the galvanostats left off 
("DUMMY" position) for 24 hours. This means that the program should 
be ��arted at the,, chosen "filling" time, say 10·00AM, and the 
galvanostats switched on 24 hours later. i.e. exactly 1 0:00AM the next 
morning. The cells should then be_cefi.Ued each 4 8-hour period later 
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(every two days) at 10:00AM. If the default delay (5 days) in the 
ICARUS.INI file is chosen, the first heater calibration cycle should 
commence at 1 0:00PM on the 6th day after the computer was started, 
i.e. on the 5th day after the galvanostats were started.



2.5 Running the ICARUS Version 2 System 

2.6 Console Display 

The display contains 3 major sections, one for each of the three cells. 

Each of these major sections are divided into 2 smaller sections (see Figure 2-2). 

The upper smaller section of each of the 3 major sections displays the temperature 

of each of the three cells and the bath temperature. The lower section displays the 

corresponding cell voltage for each cell. 

Figure 2-2. Console display showing temperature of three cells and bath in each 
upper section and corresponding cell voltage in the lower section. (Lower 

section of the bath is unused.) 

In addition to the real-time graphical displays, there are numerical 

i%1icators for the minimum and maximum temperatures and voltages in the lower 

left corner of each minor section. The last temperature and voltage recorded in the 
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CHAPTER 2 ACQUISITION SYSTEM OPERATION 

cell is displayed in the lower right hand corner of each minor section. The time (in 

seconds) since the program was started is also displayed at the bottom of the 

display, along with the bath temperature. 

The cell information is displayed in the upper left hand corner of each 

major section. If the system has been assembled as instructed (Section 1.2), Cell 1 

refers to the cell physically located in the leftmost position in the thermostatted 

bath, Cell 2 refers to the center cell in the thermostatted bath, and Cell 3 refers to 

the cell placed at the rightmost position in the thermostatted bath. 

During the data acquisition period in each 300 second time period, the 
. , 

display is frozen for a few moments. Immediately after data acquisition on all 14 

channels, the display is updated with the newly acquired data and the refreshed 

screen display is recalled. 

One should not use the data directly from the display for accurate 

c�ulations. The�ous displays give only approximate values of the data and 

are meant to be used to monitor the behavior of each cell and the bath for 

maintenance and for detection of problems. 

2. 7 Terminating the /CARUS Version 2 Program

Termination of the entire data acquisition program, when necessary, is 

effected when there is an � graphics display on the console, and the � [!] 

keys are pressed. Never use � <BREAK> to terminate as this will cause a 

system crash with loss of data. After halting (or after a power failure, etc.) the 

system may be re-booted, if necessary, by pressing the � � � keys 

simultaneously. However, please read following paragraph before rebooting. This 

is the safest way to clear all storage buffers, TSR programs, and interrupts. Please 

note that the cell control potentiostat will continue to supply current to the cells; 
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2. 7 Terminating the I CAR US Version 2 Program

the galvanostats can only be switched off manually. (Move the ICARUS 2 control 

box cell switches to "OFF" and move the galvanostat cell control switches to 

"DUMMY.") Also note that the calibration heater in the cell will be switched off 

when the computer is rebooted. Turn the cell switch of the heater galvanostat to 

the "DUMMY" position also. 

Damage to the data files and disruption of the entire system will occur if: 

• the diskette is removed or the diskette drive door is opened while data
is being transferred to the diskette (around midnight each day).

• , the computer is halted for any reason while data is being written to the
hard disk (every 5 minutes for a few seconds). This situation can, of
course, occur during a power failure.

This is true for any computer data acquisition system. Again, if it is 

necessary to halt the system, it is safest to do so by re-booting the machine while 

the color display screen is active showing the status of the cells and bath. If you 

think damage to the data files has occurred, please call ICARUS immediately. 

2.8 Measurement of the Loss of the Cell Contents 

during Boiling 

When the temperature of the cell contents n�rs the boiling point, tbe 

primary mode of heat transfer is through the vapor lost from the cell. In order to 

detennine the rate of heat transfer under these conditions, it is best to make a 

direct measurement of the mass loss as a function of time. This may then be 

related in time to the cell response which is being measured by the data acquisition 

system. 

It 1s necessary to visually determine when to begin the mass- pH 

measurement sequence. Tyeically, the measurement is started when the cell 

temperature reaches approximately 90°C. The measurement is continued until all 
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of the cell contents have been boiled away; i.e. the cell is dry. It is advisable to 

allow the system to continue under normal operation (potentiostat still on and data
•'" .... � 

acquisition system rnnning) for about 12 hours after the cell appears to be 

co�ide ). The following sections describe the measurement in 

detail. 

2.8.1 Hardware installation 

2.8.1.1 Balances and pH Meter 

The balanc�s should be placed directly under the distillation tubes leading down 

from the cells. They should be placed on the �ec�able supplied with the 

ICARUS 2 system. This table should rest flat on the floor, which should be 

shimmed to prevent vibration or rocking. 

The three special liquid flasks should rest in the center af the balance pao5. The 
-

center hole is for receiving the liquid from the distillation tube. The distillation 

tube should extend 2 cm inside the flask, and the flask should be adjusted laterally 

so that there is no contact between the flask and the distillation tube. 
t"o c:4L-.J- � L;c.o �� \i';J..�--i-f -....;::""") � 

The pH electrodes should be placed mto the other hole in the flask, and clamped 

firmly to the frame provided. Again, make sure that there is no contact between 

the pH electrode and the walls of the flask. In order to increase the conductivity of 

'f'Y lV\.e!-� the solution to a region where sensible pH measurements can be made, it is 

necessary that the flask be filled with S_QmL of 0.0IM KCI solution prior to the 

beginning of the experiment. Make sure that the tip of the pH electrode protrudes 

below the surface of this electrolyte. 

The pH electrode cable for each cell should be plugged into the appropriate 

connector on the rear of the pH multiplexer unit: cell I into connector 1, cell 2 into 

connector 2, and cell 3 into connector 3. 
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2.8 Measurement of the Loss of the Cell Contents during Boiling 

2.8.1.2 Computer System 

The measurement of mass and pH of the distillate from the cell represents 

only a small fraction of the time of the complete experiment (from the application 

of current, until the cell has boiled dry). For this reason, we have provided a 

separate data acquisition system which should be run on the separate data 

processing computer which is supplied with the ICARUS 2 system. 

There are sif parame�rs to be measured: the mass for each of the 3 cells 

and the pH for each of the 3 cells. The mass is measured by an electronic balance. 

Each balan_ce requires the use of one serial (COM) port on the computer; three 

COM ports in all. The pH of each of the 3 cells is measured through a central 

processor unit which multiplexes the signals. This central processor requires 1 

COM port on the computer. Four COM ports are therefore required for the 

complete system. The computer already comes supplied with two standard COM 

ports. A separate board with two additional ports is supplied with the ICARUS 2 

system. Install this board in your computer according to the instructions supplied 

with the board and in the manual supplied with your computer. 

Connect the serial cables supplied with the balances (these are special 

cables with a standard 9 or 25 pin SUB-D connector on one end and a special 

square plug for the balance end) between the balances and the serial ports on the 

rear of the computer. Connect the serial cable for the pH multiplexer (this cable 

has a 25 pin SUB-D connector for the pH multiplexer end, and a 9 pin, connector 

for the computer end) between the multiplexer and the serial port COM! on the 

computer. These are connected as follows: 

COMPUTER # OF PINS ON CELL# DEVICE 

PORT CONNECTOR 

COM! 9 CELLS 1-3 pH METER 

COM2 25 CELL 1 BALANCE 

COM3 9 CELL 2 BALANCE 

COM4 25 CELL 3 BALANCE 
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2.8.1.3 Barometer 

The battery powered barometer supplied with the ICARUS 2 unit is an 
' , 

independent unit which measures the barometric pressure and room temperature 

continuously. It is necessary to retrieve the data from this unit externally through 

the COMI serial port periodically. i.e. before the internal memory buffer is full. 

The memory buffers can hold up to a maximum of 8 one-week buffers of data 

before overflow. The unit can be polled at the front panel to determine when it is 

appropriate to transfer the data. See the instruction manual supplied with the unit 

for more details. These data are important for corrections that need to be mad�to 
� the data taken during the time the temperature of the cell is in excess of about 

T) bt>
(J

C.. _QQ'.:C. It is also important to keep this unit in the same room as the experiments, 

since air conditioning systems with high rates of air flow can change the ambient 

external air pressure. 

2.8.1.4 Powering up 

Connect the power cables to the appropriate 220V supply. Switch each of 

the balances and the pH multiplexer unit "on". If the front panel displays do not 

light up immediately, then switch the appropriate unit "off" immediately and 

determine the problem before re-starting. 

2.8.1.5 Software Installation 

Insert the disk labeled "GRA VIMETRY" into the A: driye of the 

computer. At the DOS prompt, switch to the A: drive by typing: 

A:> INSTALL 

The gravimetric and pH measuring software is installed to the C:\MASSPH 

directory on your hard disk. Switch to this directory. At the A:> prompt, type 

A: > C: \MASS PH 

In this directory, you will find the program GRA VI.EXE, which is the executable 

for the measurements. Another sub-directory, DAT A, has also been installed. 
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2.8 Measurement of the Loss of the Cell Contents during Boiling 

This directory will contain the data files as they are collected by GRA VI.EXE. To 

begin operation of the program, type the command: 

C:\MASSPH> GRAVI 

and the program will begin. Note that the computer times of your data acquisition 

computer and the data processing computer that you are using here are different. 

It is therefore imperative that you note the exact "real time" on a clock so that you 

can later correlate these data with the data from your data acquisition computer. 

The program polls the 4 COM ports sequentially every minute and records the 

weight of the liquid in each flask, as well as the pH of the solution in each flask. 

2.8.1.6 Output Files 

Data files generated by the program GRA VI.EXE are placed in the 

directory C:\MASSPH\DA TA. Six files are generated, one for each pH 

measurement and mass measurement for each cell. The three pH files for cells 1, 

2, and 3, are called PH I.DAT, PH2.DA T, and PH3 .DAT, respectively, and contain 

the following information: 

CELL NUMBER TIME pH 

The three mass files for cells 1, 2, and 3, are called MASS I.DAT, MASS2.DA T, 

and MASS3 .DAT, respectively, and contain the following information: 

CELL NUMBER TIME MASS 

The mass values recorded refer to that mass in excess of the original starting mass 

of the flask and its contents present when the program was started. 

2.8.2 Notes on the precision and accuracy of these experiments 

There are two corrections necessary for high accuracy of this experiment. 

(I) A!)owance for evaporation. ComP.a d to the total mass of the cell, this
correction is minor. It is a function of the relative humidi of e
amb.i.ent, and to the tern erature of the ambient. For a close approximation
of the correction to be made, it is best to determine an empirical value by
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observing the rate of evaporation from the flask over several hours when 
there is no distillation taking place. All of the components should be in 
their appropriate positions during this measurement. 

(2) Allowance for buoyancy. Since the pH electrode protrudes into the
solution, the electrode will displace a continuously increasing volume of
liquid as the flask fills with distillate. Over the entire distillation, this
correction will amount to less than lmL. If it is desired to make this
correction, it is necessary to determine the value as a function of cell
volume by recording the weight of the flask and its contents as a function
of purposely added water, made incrementally with a burette, and
transposing this correction to the real data after acquisition. It will again
be necessary to consider the effects of evaporation from the flask during
this calibration.

It is important to check that all of the seals of the tubes through the

compression Kel-F plug in the top of the cell are secure. Leakage around these 

tubes or leakage in the condenser system will lead to underestimates of the mass of 

the liquid distilled from the cell. 

The measurement of pH of the collected liquid is supplied with the 

ICARUS 2 system pr\n,arily foe historical reasq_ns. Previous measurements by 

other researchers have shown that at th1teuv�e.q1-.e-ne--oi:--U1��)el'.l. 

increase in the pH of the salutiao io the flask. This indicated to the researchers 

that there may be some loss of electrolyte during the very last few minutes of the 

experiment. However, it is not clear how the pH can reach very high values, nor is 

it clear what the composition of the offending material might be. This point 

should be kept in mind during the interpretation of the results obtainep with this 

system. 
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3. Experiment Maintenance

3.1 Refilling the Cells During Operation 

It is necessary for the liquid level in the cells to be replenished to the 

starting levels (90.0 mL) �very 48 hours ±2-3 minutes, at the same hour at which 

the experiment was started, and beginning on the 4th day after starting the current 

flow in the cells. 

Preparation for this requires that you have previously transferred (in a dry 

gas atmosphere dry box or glove bag) approximately 500 mL of pure D20 from its 

storage bottle into a dry IL round bottom flask. The flask should be carefully 
� 

sealed with a rubber septum, and stored preferably in the dry box or glove bag. 

The storage bottle should be allowed to fill with the dry gas and stored similarly. 

It is also advised to further seal the storage bottle around the cap with Parafilm. 

When it is time to refill the cells, the correct amount of pure D20 solvent is 

transferred into a dry, ti_ght-fitting graduated Pyr1:x glass (or equivalent) 

h'A?odermic syrin_ge fitted with a gas tight hypodermic needle of approximately 

20-30 cm in length. This operation should also be carried out in the dry box or 

glove bag. We recQITJmend that the syringe volume be large enough to contain the 

volume needed to fill all the cells which are using D20 electr9lyte. 

If the solvent to be added is H20, then of course there is no need to use the 

dry box or glove bag. Further, a separate hypodermic syringe should be used for 

H20 additions to prevent contamination of D20 by possible traces of H20. 

It is good practice to observe the liquid level inside of each cell by using 

an angled dental mirror in a glass beaker submerged for a few moments into the 

water bath. A good guide for estimating the amount of solvent to add to each cell 

is to assume, at the temperatures used in the ICARUS 2 system, that the loss from 

the cell is given to a close approximation by 1 mL per day per 100 mA applied

G l t>o '1'1 A ,'\., 1 "'rV\. L /47
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current. Thus, since the cells must be filled every 2 days, the amount to be added 

for a cell operating at 200 mA is simply 2 days xl mL x 2 (for 200 mA) =�- H..� � 
M A7 � � vv--.- k,\- I•� •

The solvent should be injected as soon as possible into the cells after 

filling the syringe. Make sure that there are no gas bubbles in the syringe since 

this will cause inaccuracies in the volumes actually added to the cell. Ex ulsion of 

g�_s_hu.b.bles requires that a small excess of solvent be added to the syringe when it 

is filled. As the syringe is withdrawn from the cell, be careful to maintain pressure 

on the syringe plunger because additional solvent could be accidentally added to 

the cell due to the syringe plunger falling under its own weight. The filling should 

be made through the 2 mm filling hole in the Kel-F lu0 at the top of the� 

Remember to firmly replace the solid glass rod plug into the hole after adding 

solvent. 

If for any reason it is found that the liquid level in the cell has fallen _!9 the 

bottom ed�of th_e silvered ortion of the Dewar, then you should add IO mL of 

solvent to the cell to regain the initial 90 mL. This again can be prevented by 

monitoring the liquid level with a dental mirror. 
.. ' 

( :C /\,(,v-J ct. ..s:� e. +v � l ,-,._ "1-<,tvf 4'.-v.e.- I) � 
II'.FNOTE: When refilling, make sure that the steel syringe needle does not. 

make contact with any of the wire leads protruding from the top of the 
cell. This could lead to an electrical shock and/or disruption of the cell 
current, heater current, or the data acquisition system and computer. 
Also, use only non-plugging needles, which are safer when pushing 
through the solvent flask septa. 

We have found it c9nvenient tq_bend _!he srringe needle with a pair of 

pliers about, 30°, approximately 5 cm from tbeJip. This makes accessing the

filling hole much easier. Place the 5 cm bent portion of the needle well into the 

filling hole and inject the appropriate volume quickly into the cell. Move to the 

next cell as quickly as possible. 
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3.2 Maintenance of the Thermostatted Bath 

After refilling the cells, check that none of the cell connecting wires at the 

top of the cells have fallen into the water bath. 

3.2 Maintenance of the Thermostatted Bath 

OQ,£_e each day, the level of the distilled water in the large bath sho.uld be 

checked for evaporation. Top up the bath as n,e,ar as possible to the top edge of the 

bath with distilled \Y,ater. Take care neither to touch the cells nor their lead wires. 

Do not splash filling water on them. Also take care not to overfill the baths since 

water might leak into the insulation fitted in between the Plexiglas (Perspex) water 

tanks and the aluminum tank casing. 

Check the baths to make sure that none of the plastic balls are hung up in 
"::™"'"' ' 

the heater control pump or heating coil. Also check the cooling coil for the same 

problem. 

Check the bath temperature with an accurate thermometer every few days 

to assure that the temperature is steady. Make sure that the glass tube holding the 

bath thermistor is placed so that there is about 1-2 cm of glass above the top level 

of the bath; i.e. m� sure that the cable infil!lation onJhe top of the thermistor i� 

well above the water. Report any deviations from the nominal values of the bath 

temperature to ICARUS at once. 

3.3 Normal Operation of the Ga/vanostats 

You should not encounter problems with any of the equipment if all of the 

instructions in this manual have been followed. However, the system is comp!�,-
arul£!:oblems can occur. Below are described several problems that have been 

' 

observed over the past few years, and their possible causes and remedies. 
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The current output reading on the heater and the cell current potentiostat / 

g_�stats sE_ould neve� change during normal operation. Inspect these readings 

frequently to make sure that this is the case. There may be a slightly different 

reading on the heater galvanostat depending on whether the heater is "ON" in the 

cells, or "OFF." This is normal. When the heater is "ON" (i.e. when the red 

indicator lamp at the upper corner of the heater galvanostat is illuminated) then the 

current should indicate the current that you have set (w� have suggested that this 

b�o 50.0 mA). �K �o. 6 &e ➔ � � � ,s. � � 

f'+:1.::: 1 n �
There are various reasons for failure (rare) of the potentiostat I galvanostat 

to maintain a constant current. Virtually all of these are due to problems exterior 

to the potentiostat / galvanostat, and are characterized by clear symptoms. 

If the potentiostat / galvanostat has no power (i.e. all LED's and meters are 

totally off) then either a power failure exists, a strong electric discharge near the 

potentiostat I galvanostat has caused a problem, a short circuit has appeared in the 

external wiring (cells, mis-wiring or connections to control circuits for the 

potentiostat I galvanostats), short circuit at the cell connections, short circuit inside 

the cell itself, or internal failure of the potentiostat. If you can determine the 

problem by checking all of your external wiring with a DVM, then the problem 

may be solved simply by replacing the fuse of the potentiostat / galvanostat with 

another of the same size. If not, it is generally suitable to disconnect all the input 

and output connections on the potentiostat I galvanostat, and try one additional 

fuse. If the problem persists, the potentiostat / galvanostat is damaged internally 

and you should contact ICARUS as soon as possible. If the potentiostat / 

galvanostat does work with all of the connections removed, then the problem is 

probably in the external circuit. Check the circuit again very carefully for shorts, 

misconnections, etc. If you can not resolve the problem, then contact ICARUS 

SYSTEMS immediately. 

The only other major problem is when a lower current than the set current 

appears on the potentiostat / galvanostat current meter. In this case, the 
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3.2 Maintenance of the Thermostatted Bath 

cowpliance voltage (maximum voltage-approximateJy lOOV-under which the set 

current can be controlled) lyls been reache?. This usually indicates that a very 

higb resistance has developed in the cell� Check that the c,ell has electrolyte

inside, or that the cell has not become disconnected from the potentiostat / 

galvanostat at the control box lead connections. 

Sometimes, there may be an incorrect current reading on the current meter 

of the potentiostat / galvanostat, or fluctuations of the current reading and 

fluctuations of the applied voltage which can be read on the "A" or "B" sections of 

the cell voltage meter on the upper left side of the potentiostat / galvanostat. This 

usually indicates that the potentiostat / galvanostat has been driven into an 

arbitrary oscillation due to a rapid change in the total output impedance at the 

external control circuitry or in the cells themselves. Ma� times, this is again due 

to inadequate external connections Check all of these connections carefully. 
.... 

If an abnormal condition persists, then the problem may be quickly 

checked with an oscilloscope by observing the output voltage of the potentiostat / 

galvanostat between ground and the red "S.E." output connection post on the far 

right side of the instrument. If this voltage is not stable, then you should quickly 

tum the potentiostat / galvanostat cell switch off to the "DUMMY" position, and 

then right back on to the external "EXT'' position. If the fluctuations persist and 

the cell currents are still not correct and if you cannot find any other connection or 

other impedance problems in the connections or cells, then the experiment must be 

terminated and the instrument repaired. Running the equipment under strongly 

oscillating conditions for extended periods of time can damage the power supply, 

rectifiers, main amplifier, power output stages, and other control sections of the 

instrument as well as possibly creating dangerous conditions inside the cell 

( excess generation of hydrogen, etc.) 
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3.4 Normal Operation of the Data Acquisition Scanning DMM 

We_have never observed failure of the data acquisition scanning DMM 

unless there has been a power interruption to the laboraton1, or strong 

electromagnetic interactions with the circuitry, i.e. such as those which accompany 

strong discharges from nearby capacitors, electrical arcs, electric welders, or 

lightning flashes. We advise an adequately shielded laboratOI)' and to avoid using 
-.; . 

'· 

equipment which exhibits strong discharges near the present experiment. Further, 

we recommend sufficiently fast backup battery power systems and/or fuel

supplied generators to prevent damage to the system and experiment in the case of 

commercial power failure. 

If total system failure occurs, then the experiment must be stopped, all 

equipment checked, and a new experiment started. 

Since this instrument is fully controlled by the data acquisition computer, 

consult the next section for further information. 

3.5 Normal Operation of the Data Acquisition Computer 

Again, failure of the data acquisition computer is a rare event, and is 

generally caused by the same problems as those described in the last paragraph. In 

the event of such a failure, please consult the section on operation of the ICARUS 
t 

system for restarting and reinitialization of the entire data acquisition system. 

Contact ICARUS immediately. 

3. 6 Construction and Maintenance of the Cells

The silvered Dewar cells are fragile, and under a high vacuum. While we 

haye never had an incident involving the implosion of these Dewars, tb.ere is 
N'6 P'rt>10 � always a chance that this could occur. Please handle these cells, therefore, as one

.,.---. 
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3.6 Construction and Maintenance of the Cells 

should handle any high vacuum container. It is imperative that one should a)ways 

,�during any phase of these experiments. 

The construction of a new cell is quite straightfonvard and one should bear 

in mind the following requirements. 

(1) The design of the ce1c!: ca))s for the cathode to be axially centered in the
cell. The 0.25 mm P� lead wire should be covered by a fine glass tube of

iliesame dimensions as that enclosed with the ICARUS system. This tube
should reach from the top of the cell right down to the top of the cathode
so that there is no possibility of catalytic gas recombination. The prim�ry
reason for the glass tube is for extra support and shielding of the lead wire
sothat electrolysis at the wire is prevent;d. The lead wire and tube are
brought through the top of the upper Kel-F plug. The tube is firmly
located at that position with Parafilm or Teflon tape. The lead wire should
be sealed to the top and bottom of the glass tube by a SQS>t of epoxy resin
to prevent liquid from rising in the tube, and to more perm'S;ently affix the
electrode in its glass housing.

(2) The same construction method is used for the p)atinpm spiral anode. The
glass tube covering the entire lead wire is installed as described in the last
paragraph. The anode should be carefully cleaned with hydrochloric acid
solution befor� starting a w ex eriment. If the anode is highly
discolored, it should be passed brieflv through a flame. Use extra care to
assure that the fine gauge platinum basket is not melted in the flame. The
cleaning of the anode calls for removing the old glass tube, and replacing
it with another. All of the metal components are platinum. It is
imperative, therefore, that you handle these carefully to prevent bending of
any of the portions of the basket or lead wires, as they are very soft.

(3) Replacement of the calibration heater in the cell is quite straightforward.
For future placement, remember to mark the old position of the heater in
the cell before removing it and cleaning the cell. To clean the tube, place
the lower part of the tube into distilled water for 24 hours, and wipe clean
with tissue. Please note that the tube is filled with heat transfer fluid.

(4) The theymistor assembly should pull out of the cell easily with a very slight
twisting motion. T.bis is the m.g,st fragile portion of the system, and extra
care should be made to keep the 

1

lead cable straight while· removing or
handling. All handling motions should be slow and smooth. To clean the
glass thermistor tube, the tube should be placed in a beaker of distilled
water (with the cable supported vertically) for at least 24 hours. Then,
gently wipe the tube one or two times with a tissue. If you observe fine
white "etching" on the thermistor tube, do not attempt to remove it.

3-7



CHAPTER 3 EXPERIMENT MAINTENANCE 

3-8

(5) The cathode is wire b usin° a laborato welder.
Recall again that durmg any handling process which involves palladium
cathodes, one should take care not to bring the cathode in contact with any
other material during handling except for clean filter paper. For spot
welding precious metals up to about 1 mm in diameter, it is best to use a
low power dental spot welder, and to apply the welding pulse for short
durations 3 or 4 times. For 2 and 4 mm samples, it is better to tack weld
the pieces together using this small welder, _and form a sealed weld by
using a higher power welder. ICARUS performs these tasks for the user
when requested.

(6) All glass tubes are further sealed to the top of the Kel-F plug by the
silicone compression gasket. This seal provides that during experiments
�hen the cell is driven to boiling temperatures, the yapar stream earning
out' of the cell is confined to pass through the glass condenser collector
tube which is also mounted through the top of the Kel-F plug assembly.
Virtually all of the vapor is therefore collected, condensed, and weighed
by the balance system mounted underneath the ICARUS 2 system rack.

Care should be taken to tighten the compression cap at the top of the Kel-F
plug without allowing any rotation of the plug or the gasket; this will
prevent breaking of any of the glass components.



4. Data Analysis

4.1 ICARUS 2 Data Processing Packages 

A summary of the data processing package programs, which shows the 

procedures for (1) preparation of all the input files, (2) which input files are used 

with which program, (3) what the programs calculate, and (4) the output file 

names produced by each program, is shown in Figures 4.1-4.4. The output of each 

program is comma delimited and ready for use, say, in a modern spreadsheet 

program such as Microsoft's EXCEL 5.0. 

The data processing packages for ICARUS 2 are supplied on a separate 

floppy diskette and are meant to be used on an independent DOS platform PC 

(386/486/586) machine. The protocol for running the programs consists of: 

1. Installing the ICARUS data processing programs from the program
diskette onto your PC.

2. Copying the appropriate data files from the data acquisition computer
floppy diskettes to your PC.

3. Modifying the CELLDATA.FIL file to reflect the actual operating
conditions of each cell.

4. Running the programs.

5. Converting the derived tables to hard copy, and preparation of figures, etc.
from the processed ASCII files. From these, refinements to the precision

of the heat transfer coefficient may be obtained, and precise and accurate

values of the excess enthalpy (when present) ascertained.
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1401-414 RAW DATA BINARY FILES i

l STRIP.EXE

I CELL 1.DAT, CELL2.DAT, CELL3.DAT ! 

iCELL1_ 01.DAT
· CELL2_ 01 .DAT 
; CELL3_ 01 .DAT 

TRUNCATION 
OF POINTS 
BEFORE THE 
APPLICATION 
OF CURRENT 

l 

CELL1_02.DAT 
CELL2_02.DAT 
CELL3_02.DAT 

CELL1_01 .DATI i CELL1_ 02.DAT 
CELL2_01 .DAT1 i CELL2_02.DAT
CELL3_ 01 .DATi i CELL3_ 02.DAT

11AV.EXE 

! CELL1_ 01 .AV
I CELL 2_ 0 1 . AV 
CELL3 01.AV 

CELL 1 _02.AV 
CELL2_ 02.AV 
CELL3_02.AV 

MANUAL SEPARATION 
INTO DAILY FILES 
USING TEXT EDITOR
OR SPREADSHEET 

CELL 1_ 03.DAT 
CELL2_ 03.DAT 
CELL3 03.DAT 

ETC. 
ETC. 
ETC. 

TRUNCATION OF POINTS 
BEFORE HEATER CYCLE 
AND ADDITION OF NEW 
FIRST LINE OF AVERAGES 

l 
i CELL1_ 03.TRC 
1 CELL2_ 03.TRC 
:CELL3 03.TRC 

ETC. i
ETC. i 
ETC. I 

CELL1_ 01 .TRC 
CELL2_ 01 .TRC 
CELL3 01.TRC 

CELL 1_ 02.TRC
I CELL2 02.TRC, 

CELL3- 02.TRC! 

Figure 4-1. Sequential procedure for the preparation of individual data files for 

analysis by the processing package. 
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oGrA·: '. I K K M. 

DIRECTION: 
METHOD: 

OUTPUT: 

FILE NAMES: 

4.1 ICARUS 2 Data Processing Packages 

ALL *.DAT 
CELL1_01.DAT 
CELL2_01 .DAT 
CELL3_01 .DAT 
CELL 1_02.DAT 
CELL2_02.DAT 
CELL3 02.DAT 

ETC. 

v�' 'CAL -x- :�" K i I . t:. t. :

i 
1FCRWARD 
; Dif="' FC'RF"NTIA! 
i ADD -HEATER
: TO ALL DATA 
I EACH POINT 

i 

I 

DATA SETS 
CELL 1_03.DAT 
CELL2_03.DAT 
CELL3 03.DAT 
CELL 1_04.DAT 
CELL2_04.DAT 
CELL3 04.DAT 

ETC. 

1KR·,,NCAL ·x�iI ' I I I I I • :... t.. :

. i 
i FORWARD 
i DIFFERENT!AL 
I NO HEATER 
!ADDED
I EACH iOINT 

CELL1_01.11Y. 
CELL1_02.11Y 
CELL1_03.11Y 
CELL 1 04. 11 Y 

CELL1_01.11NI 
CELL1_02.11N1 
CELL1 0:3.11N 
CELL1 04.11N 

CELL2_01.11Y CELL2_01.11N 
ETC. I ETC. 

Figure 4-2. Procedure for analysis of all the data sets by KR 11 CAL. EXE and 

KR 11 NCAL. EXE. 
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SETS WITH NO HEATER 
CALIBRATION CYCLES 

CELL1_01.AV 
CELL2_01 .AV 
CELL3_01 .AV 

CELL1_02.AV CELL1_01.TRC CELL1_02.TRC 
CELL2 02.AV CELL2 01.TRC CELL2_02.TRC 
CELL3=02.AV ! CELL3=01 .TRC CELL3_02.TRC 

PROGRAM: 

DIRECTION: 
. ·r-HOD Mc. I :

OUTPUT: 

FILE· NAMES: 

K:' � EXE KI 

! 
l FORWARD
I DIFFERENTIAL

!EACH POINT

♦ 
CE LL 1_01 . K 11 i 
CE LL 1_02. K 11 I 
CELL2_01.K11 I 
CELL2 02.K11 I 
CELL3=01.K11 I 
CELL3_02.K11 i 

KR31A.EXE 

♦ 
tORWARD 
!NTEGRATION

: TRAPEZOIDAL 
:& c:1· 'DSON'-- M1 ::,

:EACH POINT 

! 
; CELL1 01.K31 -

CELL'1 02.K31 -

CELL2 01.K31 
CELL2 02.K31 

: CELL3_ 01.K31 
: CELL3_ 02.K31 

Figure 4-3 Procedure for the analysis of data sets containing no heater calibration 
cycles by KR 11. EXE and KR31 A EXE. 
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PROGRAM: J KR22.EXE 

DIRECTION: 1 FORWARD 
METHOD: !'INTEGRATION 

I TR1i15EZoi1JAL 
I SIMPSON"S 

OUTPUT: ! EACH POINT 

' 

FILE NAMES: CELL 1 _03.K22 
CELL2_03.K22 
CELU_03.K22 
CELL1_04.K22 

ETC. 

4.1 ICARUS 2 Data Processing Packages 

HEATER CALIBRATION 
SETS 

I 
CELL1_03.TRC ETC. 
CELL2_03.TRC ETC. 
CELU 03.TRC ETC. 

KR226ACK.EXE J i KR22BPLT.EXE I 

BACKWARD 

TRAPEZOIDAL 

EACH POINT 

'� 
CELL1_03.228 
CELL2_03.228 
CELU_03.228 
CELL 1 _04.228 

ETC. 

i 
BACKWARD I 

I TRAPEZOIDAL ! 
I i iX-Y P� 

't 

CELL1_03.22P 
CELL2_03.22P 
CELL3_03.22P 
CELL 1 _04.22P 

ETC. 

t 

l FORWARD 

I TRAPEZOIDAL 
i SIMPSON"S 
jEACH POINT 

' t 

CELL1_03.K31 
CELL2_03.K31 
CELL3_03.K31 
CELL1_04.K31 

ETC. 

! KR318ACK.EXE · KR31 BPLT.EXE 

. BACKWARD 

j TRAPEZOIDAL 

j EACH POINT 

1 

CELL1_03.318 
CELL2_03.318 
CELL3_03.318 
CELL1_04.318 

ETC. 

TRAPEZOIDAL 

. X-Y POINTS 

CELL1_03.31P 
CELL2_03.31P 
CELL3_03.31P 

.CELL1_04.31P 
I ETC. 

Figure 4-4. Procedure for analysis of all data sets containing heater calibration 
cycles. 

� 
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4.1.1 Installation of the ICARUS 2 packages 

To install the ICARUS programs on your 386/486/586 DOS PC, first 

create a new directory C:\SAMPLE on your hard disk by typing the command (at 

the C:\> prompt) 

C: \> MD SAMPLE � 

Change to this working directory by typing the command (again at the 

C:\> prompt) 

C: \> CD SAMPLE 

Put the ICARUS 2 program diskette m diskette drive A: and type the 

command 

C:\SAMPLE> COPY A:\*.* � 

All of the appropriate files will be copied to your working directory, 

C:\SAMPLE. 

4.1.2 Copying and initial setup of data files 

The initial preparation of the data files has been broken down into several 

small programs. The reasons for this are (I) to determine guickly if an_X__ of the 

ac uired data over the ast 24 hours have been corrupted for some reason, (2) to 
. 

- -

increase the understanding of the data manipulation and (3) to allow the user to 

obtain the raw data for other analyses he may want to undertake. 

The diskette that has been written to the floppy disk at midnight by the 

data acquisition computer has been updated with the last.288 readings taken by the 

data acquisition system. This represents, therefore, the last.....,2
::..:
8
:::..:
8�......__.m�iILX 60_ 

1pin/hour 86 400 seconds (24 hours) of acquisition. Each of the 288 data lines is in 

19 byte binary format, as follows: 
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PASCAL DA TA TYPE 

BYTE 

EXTENDED 

DOUBLE 

4.1 ICARUS 2 Data Processing Packages 

#BYTES DAT A REPRESENTS 

1 

10 

8 

Channel# (1-14) 

Time (A b,a:olute 

Ja.oua� I, l gg� 
c.om ..l:l l.l te c 

MEASURED VALUE 

tiwe SIDC,e

and each 19 BYTE line in each file therefore has the following form, separated in 

terms of the order of the stored data items: 

[1 BYTE][l0 BYTES][8 BYTES] 

Each set of 14 lines contains 1 block of data for the 14 channels r�d 

e_yery 5 mioutes. The identification of each of these 14 channels are: 

1 Thermistor Short Ohms 

Cell 2 Thermistor Long Ohms 

#1 3 Cell Voltage Volts 

4 Cell Current Volts 

9 Thermistor Short Ohms 

Cell Thermistor Long Ohms 

#3 11 Cell Voltage Volts 

12 Cell Current Volts 
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These files should be copied to your hard disk in a working directory of 

your own choice. Remember that all previous files recorded have the same names 

(401-414) as the ones on the present diskette. Care must be taken not to over

write the existing files on your hard disk. Again, it is strongly advised to keep 

multiple back-ups of all previous data transferred from the data acquisition 

computer. 

You have created a new working directory on your analysis computer 

called C:\ SAMPLE. Make this the working directory by moving to it: 

C: \> CD C:\SAMPLE 

You must decide when you want to process the data which has been 

accumulated. Normall you would want to do this at the end of about 5 

experimental "cycles" or "c�fillings," or about every 10 days. When processed, 

these data may be set aside, and a new lot processed. 

The first task is to copy the data files from the retrieved data acquisition 

computer floppy diskette, by typing, at the DOS prompt, 

C: \SAMPLE> COPY/b A:\4??. � 

which copies the 14 data files to the SAMPLE working directory. 

The protocol to create a master set of total accumulated data is as follows: 

(a) The INITIAL S..E.I of files 401-414 are copied to the C:\:;>SAMPLE

directory.

(b) This first set of files only is copied to a new master set.

(c) Each day, append the new day's data files to the master set.

You will then have a record of the entire experiment, updated daily.

The procedure in detail is as follows. We assume that you have now

copied the first day's data (files 401 to 414) onto your hard disk in directory 
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C:\>SAMPLE. With this initial set of data�' create the beginning of your new 

master set of files, for example you may want to name this set 401MSTR, 

402MSTR, 403MSTR, ... 414MSTR. Type the following DOS command 

C:\>SAMPLE COPY/b 4??. 4??MSTR. WT] 

This will generate 14 new files, 401MSTR, 402MSTR, 403MSTR, 

.. .414MSTR which contain the first day's data. 

On the second and following days, you will copy new sets of data from the 

data acquisition floppy diskette to this directory as explained above. When you do 

so, the old files 401,402, ... 414 will be overwritten and destroyed unless you have 

copied these to another set of floppy diskettes or to another directory on your hard 

disk drive. 

When the new day's data are transferred to the C:\SAMPLE directory from 

the diskette, you can append these to the previous set of master files by typing the 

following sets of commands at the DOS prompt: 

C:\SAMPLE> COPY/b 401MSTR.+401. 401MSTR. WT] 

C:\SAMPLE> COPY/b 402MSTR.+402. 402MSTR. WT] 

C:\SAMPLE> COPY/b 414MSTR.+414. 414MSTR. WT] 

Your master files are now updated and contain all the data that has been 

accumulated to date in chronological order. It is of course necessary to remember 

the following: 

1. Always add each consecutive diskette from the data acquisition computer
to the master files (401MSTR., for example) as soon as it is obtained. If

you fail to do this, you may get the sequence out of order.

2. Back up old 401-414 daily files located in C:\SAMPLE. You already
have the original diskette from the data acquisition computer, but you may



Chapter 4 DATA ANALYSIS 

want to back these up additionally on the hard disk in another directory, or 
even on other floppies. 

3. Remember that any existing 401-414 files in C:\SAMPLE will be
overwritten when you copy new diskettes to that directory.

4. Periodically back up the 4??.MSTR files to floppy diskettes in case of
accidental overwriting.

After you have accumulated, say, 10 days of data into the 401MSTR,

402MSTR, ... 414MSTR files, stop accumulation and begin a set of analyses. For 

later data, start the entire procedure over again, beginning where the last set was 

finished. 

To begin, erase any 40 I, 402, ... 4 I 4 files that now exist in the directory. 

Rename the MSTR files back to 40 I, 402, ... 4 I 4 by using the DOS RENAME 

command. 

C:\SAMPLE> RENAME 401MSTR 401 

C:\SAMPLE> RENAME 414MSTR 414 

You now have 14 binary files (401-414) containing 3 columns of cell data 

for about 10 days. The analysis protocol calls for investigating the cell response 

for each period between the re-filling of cells (i.e. topping up or liquid additions) 

with the pure solvent. This is normally performed every 48 hours after the cell 

current is started. Each of these 48 hour periods are called an "experiment" (see 

example, Figure 4-5). It is therefore necessary to divide and consolidate the 14 

data files first into up data files which correspond to each cell, and then sub-divide 

these three groups of cells into 48 hour "experiment" files before analysis. The 

tasks to be performed in order are as follows: 
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"""=:::-------------- CELL 1.DAT-----------3'>-

.. EXPERIMENT" 1 
CELL1_01.DAT 
CELL1_01.TRC 

"EXPERIMENT" 2 

CELL1_02.DAT 
CELL1-02.TRC 

CELL1_03.DAT 

"EXPERIMENT .. 3 

CELL1_03.TRC 

--,,.I k-
1 I 

CELL1_04.DAT 

.. EXPERIMENT .. 4 

CELL1_04.TRC 

4 � 

ETC. 

ETC. 

41023478.3 41196278.3 <1369078.3 r1 41541878.3 r\ 41714
r

8.3 

( 
I 

I 1 \ I 

HEAT\ / \ l ---....,,r-1 CYCLE'�� �
/ 

r 11 ! r I , i I I I 
VENT / I ADDITION 41412278.3

: 41585078.2 41757878.3 

I 
I 
l ! 

!
'ELL TEMPERATURE 

CELLS IN 3ATH 
I NO CURRENT 

� '�'..____) 
CELL CURRENT 
SWITCH(O ON 

CELL VOLTAGE 

I 
� 2 DAYS 

172.800s 

NUMBERS ARE 
COMPUTER 
TIMES or DATA 

ACQUISITION FOR 
INDICATED POINTS 

2 DAYS 
I 72.800s 

; 
41455478.3 

I 
! 

41628278.4 

I 12 12 24 1 1 

___ .........,:\__ ___ ---1 

r· .. 0r� 
PERIOD SINCE COMPUTER STARTED 

DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 I DAY 6 I DAY 7 DAY 8 DAY 9 DAY 10 

PERIOD SINCE CURRENT STARTED 

DAY 1 DAY 2 DAY 3 DAY 4 I DAY 5 I DAY 6 DAY 7 DAY 8 DAY 9 

Figure 4-5. Examples of the time progression of a typical cell response. A data set 

(here CELL 1) showing the truncation points for preparing individual data 
segments ("experiments") for analysis. 
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OR: 

(a) Combine the times and temperature readings of the two thermistors in each

cell with the appropriate cell potential.

(b) Append the appropriate cell currents to the files generated in (a).

(c) Append the appropriate bath temperatures to the files generated in (b).

(d) Append the appropriate heater powers to the files generated in (c).

(e) Divide the files generated in (d) into 48 hour "experiments". Save these
files as a separate set for use in the data analysis procedures.

(f) If the 48 hour "experiment" files generated in (e) iliL!lQ.t contain heater

calibration pulses, then generate further final experiment files which

contain, in addition, 11 point running averages of the cell temperatures and

cell voltages. Save these files as a separate set for use in another of the

data analysis procedures.

(g) If the 48 hour final "experiment" files generated in (e) QQ contain heater

calibration pulses, then further subdivide the files so as to identify the

period of the heater calibration period. Finally, generate experiment files

which further contain 11 point running averages of the cell temperatures

and cell voltages for the appropriate heater calibration period. Again, save

these files as a separate set for use in another of the data analysis
procedures.

Each of these tasks are discussed here in detail. 

Steps (a), (b), (c), and (d) 

These steps are performed automatically by the executable program 

STRIP.EXE. This program must exist in the same directory which contains the 14 

data files 401, 402, ... 414. To execute the program from the directory 

C:\SAMPLE> type the command 
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STRIP 

The program automatically searches for these 14 binary data files and 

perfonns the appropriate collations. On output, three new files are formed with 

the names CELLI.DAT, CELL2.DAT, and CELL3.DAT. 

WNOTE: It is important that the 14 data files, line for line, include the data 

strictly for the same data acquisition periods. If the data files are 
correct, each of the 14 data files will contain exactly the same number 
of lines. Each corresponding line in the 14 files must correspond to 
the same data acquisition cycle. This can be identified by making sure 
that each corresponding line in files 401 to 414 are each separated 
only by a few seconds (this is due to the preset channel delay times 
following the onset of data acquisition every 5 minutes). It is good 
practice therefore to immediately inspect visually each of the 
CELL 1.DAT, CELL2.DAT and CELL3.DAT files in a text editor before 
proceeding further to make sure that each file has the same number of 
data lines and that the lines correspond to the same data acquisition 
cycle. It is usually sufficient just to inspect the first and last lines of 
each file. 

Step (e) 

The three data files CELL I.DAT, CELL2.DA T, and CELL3 .DAT must 

now be separated into individual 48 hour "experiments. It is difficult to do this 

automatically on large batches of data since it is not possible to efficiently allow 

for experimental or user related problems which affect the experiment timings, 

such as experiment interruption, failure to fill the cells precisely at the correct 

time, etc. We therefore recommend that these separations be effected manually in 

a text editor. This procedure has the further advantage of allowing a visual 

inspection of the data for content, and for the observing of possible determinate 

errors in the data files which may occur from time to time. 
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To edit, for example, the CELLI.DAT file with the text file editor 

provided with your system, type the following instruction (at the C:\SAMPLE\> 

prompt) 

C:\SAMPLE\> B CELLl.DAT 

This places the file CELLDA TA.FIL into the text editor ( or into your spreadsheet 

program). To use the text editor provided, simply move the cursor to the position 

that you want to modify using the left, right, up, and down arrow keys (and/or the 

<page up>, <page down>, <home>, <end> keys). 

The manual separation process is quite straightforward. For each of these 

three files, it is only necessary to find the times at which each liquid addition has 

been made. These should be approximately 2 days apart (about 576 lines, or 

172,800 seconds). These starting times for each experiment are recognized by a 

marked drop in the cell temperature (and to a lesser extent, a sudden rise in the cell 

potential: see example, Figure 4-5). Each section of data corresponding to an 

"experiment" should be blocked out and saved in individual files. In the text 

editor, you can "block out" this section of the data and move it to another window 

in the editor, and then save it to disk. Move the cursor to the beginning of the first 

line of the block that you want to save. Press the � and M keys 

simultaneously: 

and move the cursor to the last number of the last line of the block to be saved. 

Note that the screen has changed colors to show the region that has been blocked. 

Press the keypad gray <+> key (on the right hand side of your keyboard) to save 
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the block in temporary memory. Open a new window in the editor by pressing the 

� and E keys simultaneously: 

You are then asked to provide a new file name. Enter the appropriate file name 

chosen from the list of names CELLl_0l.DAT, CELL1_02.DAT CELL1_03.DAT 

CELL1_04.DAT, etc., CELL2_01.DAT CELL2_02.DAT CELL2 03.DAT 

CELL2_04.DAT, etc., or CELL3_01.DAT CELL3_02.DAT CELL3 03.DAT 

CELL3_04.DAT, etc. The second number _01, _02, _03, _04 ... etc. refers to the 

sequential "experiment", i.e. the sequential 48 hour period set of data. See 

Figure 4-1. 

A new blank window appears on the screen with the file name you have 

chosen at the top of the screen. Check the name for acccuracy. If incorrect, then 

repeat the process by pressing the � E keys again and entering the correct 

name. 

The cursor should be resting at the upper leftmost position of the new file 

(line 1, column 1 ). Press the <insert> key, and the temporary block that you 

saved from the original file will be inserted into the new file. 

ILFNOTE: All columns should appear in exactly the same format. No blank 

lines should be inserted in the file. The file should terminate at the end 
of the last line, not at the beginning of the line following the last line of 
data. Test this by typing the entry <end><end><end> in the text 
editor. The cursor should be resting at the end of the last line of data, 
not on the line following. If the cursor is on a line following, move the 
cursor manually to the end of the last data line and tap the � key 
until the cursor turns into a blinking square. 
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l(WNOTE: If you are using a spreadsheet instead of an ASCII text editor to 

make these separations and changes, make sure that you save the 
final files in standard ASCII format. Make sure that the files maintain 
their originally generated form. 

This new file must now be save to the hard disk drive. To do this, hold 

down the cg] key and press the letter W: 

A successful write will be indicated at the bottom of the screen. You can 

now scroll back to the move back to the original master set window (CELL I .DAT, 

CELL2.DAT, or CELL3.DAT) by pressing the ��keys: 

until the window appears. This instruction scrolls between all of the windows that 

you have created one at a time. 

You can then exit the text editor by holding down the cg] key and 

pressing the letter X: 

You are then returned to the DOS operating system. The file is now ready to be 

used by the main processing programs in the ICARUS VERSION 2 processing 

packages. 

Note that the first two experiments for each cell, CELL I_ 0 I.DAT, 

CELLI_02.DAT, CELL2_01.DAT, CELL2_02.DAT, CELL3_01.DAT, and 
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CELL3 _ 02.DA T, contain no heater calibration cycles and therefore fall under the 

categories defined under sections (e) and (f) above. Save these files immediately 

on a diskette. Note that under the described experimental protocol described 

further below, all of the "experiments" beginning with * _ 03.DA T for each of the 

three cells do contain a heater calibration pulses, and should be further processed 

under step (g) below. However, make a back-up copy of all of these files in their 

present form at this point. 

Step (f) 

We now consider how to finish preparing individual data sets 

"experiments" which contain no heater calibration pulses, that is, the data sets 

CELLl_0l.DAT, CELL1_02.DAT, CELL1_03.DAT, CELL2_01.DAT, 

CELL2_02.DAT, CELL2_03.DAT, CELL3_01.DAT, CELL3_02.DAT, and 

finally CELL3_03.DAT. 

For the first "experiment" (i.e. the first 48 hours following the application 

of cell current, CELLl _ 01.DA T, CELL2 _ 01.DA T, and CELL3_01.DA T), again 

use your text editor (or spreadsheet program) to delete all of the data points 

(except one) which occur prior to the application of the cell current. In the present 

example, you should delete all points before time 41,023,478.3. (See example, 

Figure 4-5.) Save these three files under the same name, by the procedure 

described above, and exit your text editor. 

The files CELL1_02.DAT, CELL2_02.DAT, and CELL3_02.DAT need 

no modification as they should not have any previous data points: you have 

already treated this file under step (e) above. 

The final step for the 6 raw data files for the first two "experiments" for 

the three calls is to make a copy of these to * .TRC files for consistency of 

filenames for use in some of the data processing packages. Use the DOS COPY 
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command to make these copies. At the DOS prompt C:\SAMPLES>, enter the 

following commands: 

C:\SAMPLE> COPY celll 01.dat celll 01.trc � 

C:\SAMPLE> COPY celll 02.dat celll 02.trc � 

C:\SAMPLE> COPY cell2 01.dat cell2 01.trc � 

C:\SAMPLE> COPY cell2 02.dat cell2 02.trc � 

C:\SAMPLE> COPY cell3 01.dat cell3 01.trc � 

C: \SAMPLE> COPY cell3 02.dat cell3 02.trc � 

which creates the six new * .TRC files. See further below under step (g) for more 

information on the *.TRC files. 

We now must generate some new data files for the 6 *.DAT "experi

ments" for analysis. We want to determine the 11 point running average of the 

cell temperatures and voltages and add them to the present files. We accomplish 

this with the l IAY.EXE file. At the DOC C:\SAMPLE> prompt, type the 

command 

C:\SAMPLE> llAV celll 01.dat � 

This command creates a new data file CELLI O I.AV in the same 

directory. Repeat the same command for the second "experiment" in cell I by 

typing the command 

4--18 



4.1 ICARUS 2 Data Processing Packages 

C:\SAMPLE> llAV celll 02.dat � 

which generates the file CELL1_02.AV, again in the same directory. 

Repeat the same procedure for cells 2 and 3, i.e. use the commands 

C:\SAMPLE> llAV cell2 01.dat � 

C:\SAMPLE> llAV cell2 02.dat � 

C:\SAMPLE> llAV cell3 01.dat � 

C:\SAMPLE> llAV celll 02.dat � 

to generate the corresponding averaged files for cells 2 and 3, i.e., generate the 

files 

CELL2_01.AV, CELL2_02.AV, 

respectively. 

CELL3_01.AV, and CELL3_02.AV, 

All of these 6 files should be permanently backed up. These 6 files will be 

used for further processing by KR 11.P AS to determine the heat transfer 

coefficients (kR')11 for the first two "experiments" of each cell. 

Further comments on I IAV.PAS: The input files CELLI_0l.DAT, 

CELL2_01.DAT, CELL3_01.DAT, CELLI_02.DAT, CELL2_02.DAT, and 

CELL3_02.DAT as mentioned, should each contain about 588 points or lines of 

data (2 days). The program will handle, however, up to a maximum input file size 

of 600 points or lines. The program calculates I I-point running averages of the 

cell temperature, cell voltage, cell current, and bath temperature. 

The 6 output files CELLI_0l.AV, CELL2_01.AV, CELL3_01.AV, 

CELLI_02.AV, CELL2_02.AV, and CELL3_02.AV each contains 9 columns, 

which in order of appearance correspond to the: 
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1. Time

2. Original temperature

3. Original Voltage

4. Original Current

5. Original bath temperature

6. Average 11 point forward/backward temperature

7. Average 11 point forward/backward voltage

8. Average 11 point forward/backward current

9. Average 11 point forward/backward bath temperature

The number of output lines in the *.AV files is equal to the number of input lines. 

Note that there are no averages for the first lines in the file and the last 5 lines in 

the file since we have calculated I I-point averages about each time value. 

Step (g) 

Finally we consider how to finish preparing individual data sets of the 

remaining "experiments" which do contain heater calibration pulses, for example, 

sets including CELL1_03.DAT, CELL1_04.DAT, and all of the following 48 hour 

period "experiments". First, prepare backups of these files (prepared from step 

(e)) now which will be used for other analyses later on. 

The new files that we want to prepare at this point are extracts of the 48 

hour "experiments" that only contain the heater calibration pulse segments. 

Again, use your text editor (or spreadsheet program) to make the modifications 

and to save the final files. 

Also saved on the data floppy diskette that norrnally resides in the data 

acquisition computer is an ASCII file called CALTIMES.DAT. This file contains 

all of the exact times for which the calibration heater pulse was started and for 
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when it was stopped. For instance, in the present example (Figure 4-5), this file

might appear as follows:

ON 41,412,278.3 

OFF 41,455,478.3 

ON 41,585,078.2 

OFF 41,628,278.4 

ON 41,757,878.3 

OFF 41,801,078.3 

ON 41,930,678.1 

OFF 41,973,878.2 

ON 42,103,478.3 

ON 42,105,679.8 

OFF 42,146,678.2 

This means that over the entire experiment time recorded for cells 1, 2,

and 3 up to the present time, there were 5 heater calibration e__ulses, each of which

were started and stopped by the computer and data acquisition system at the times

denoted. The start ("ON") times will always be close to 48 hours _(172,800 C...� �
seconds) apart. The difference in the start ("ON") and stop ("OFF") times will IVl-t�

always be close to 12 hours (43,200 seconds). Please notice one other situation [ 'J..4 �""-"-

which may arise: In the case where the entire system has been halted for some

reason while the heater calibration cycle is on, there will be an additional entry in

the table if the computer system is restarted during the time within the same heater

calibration cycle as it was interrupted. This has occurred in the exampie above on

line 10. This number simply tells you the time the computer system restarted and

has no significance to the data processing. Therefore, it may be ignored.

In each of the individual 4_8 hour "experiment" files for each of the three

cells, locate the last 11 data lines� the appropriate heater start times listed in

the CAL TIMES.DAT file. Take the average of these prior 11 cell temperatures,

the 11 prior cell voltages, the 11 prior cell currents, and the I 1 prior bath
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temperatures. Write down these average values and the heater power value since 

we want to manually insert these values on a new first line of the file in a moment. 

At this point in the text editor (or spreadsheet), delete all of the lines in the 

file which occur p.riQr to the appropriate calibration start time. Now, insert a new 

data line at the new beginning of the file, and which contains the time of the actual 

start of the calibration heater (the appropriate value from CAL TIMES.DAT 

above), the 11 point average of the cell temperature, the 11 point average of the 

cell voltage, the 11 point average of the cell current, and the 11 point average of 

the bath temperature which you calculated in the last paragraph. 

Now delete all of the data lines in the file which follow the termination of 

the heater calibration power pulse (see Figure 4-5). Again, note that these times 

are listed in the CAL TIMES.DAT (the "OFF" values). 

Iv�- 6� � 
Note that since a calibration heater cycle is close to 12 hours long, your 

final files should contain about (12 hours x 3600 seconds per hour) / 300 seconds 

per data line+ 1 inserted data line = about 289 data lines (points). 

Now we must insert the new first line in the file which reflects the starting 

values for some of the data processing analytical packages. The first few lines of 

the new file that you have just created may look something like this if you are 

working on CELL1_03.DAT: 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 41412298 51.662 2 41412318 51.671 3 41412338 7.2398 4 41412358 0.50 13 41412378 19.978 14 41412398 0.250 

1 41412598 51.779 2 41412618 51.788 3 41412638 7.2323 4 41412658 0.50 13 41412678 19.978 14 41412698 0.250 

1 41412898 51.915 2 41412918 51.922 3 41412938 7.2242 4 41412958 0.50 13 41412978 19.978 14 41412998 0.250 

1 41455478 51.915 2 41455498 51.922 3 41455518 7.2242 4 41455538 0.50 13 41455558 19.978 14 41455578 0.250 
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You should manually insert a new first line which reflects the starting time of the 

heater calibration pulse start time, the average value you have noted, and the 

heater calibration value. Assume that the average values you calculated were 

51.661 (temperature), 7.2401 (voltage), 0.49 (current), and 19.976 (bath). You 

know that the starting time was 41412278.3 from the CALTIMES.DAT file. 

Therefore, you would make an entry on the first line so that the file now would 

look like this: 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 41412278 .3 51.661 2 4444444 51.671 3 44444444 7.2401 4 44444444 0.49 13 44444444 19.976 14 44444444 0.250 

1 41412298 51.662 2 41412318 51.671 3 41412338 7.2398 4 41412358 0.50 13 41412378 19.978 14 41412398 0.250 

1 41412598 51.779 2 41412618 51.788 3 41412638 7.2323 4 41412658 0.50 13 41412678 19.978 14 41412698 0.250 

1 41412898 51.915 2 41412918 51.922 3 41412938 7.2242 4 41412958 0.50 13 41412978 19.978 14 41412998 0.250 

1 41455478 51.915 2 41455498 51.922 3 41455518 7.2242 4 41455538 0.50 13 41455558 19.978 14 41455578 0.250 

Note the following additional information for each column when inserting this 

new line: 

Column 1: Use the number which appears in the rest of the column: here "l" 

Column 2: Use the starting time from CAL TIMES.DAT 

Column 3: Use the calculated 11 point average cell temperature 

Column 4: Use the number which appears in the rest of the column: here "2" 

Column 5: This may be any number since it is not used in the further calculations 

Column 6: This may be any number since it is not used in the further calculations 

Column 7: Use the number which appears in the rest of the column: here "3" 

Column 8: This may be any number since it is not used in the further calculations 
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Column 9: Use the calculated 11 point average cell potential 

Column 10: Use the number which appears in the rest of the column: here "4" 

Column 11: This may be any number since it is not used in the further calculations 

Column 12: Use the calculated 11 point average cell current 

Column 13: Use the number which appears in the rest of the column: here "13" 

Column 14: This may be any number since it is not used in the further calculations 

Column 15: Use the calculated 11 point average bath temperature 

Column 16: Use the number which appears in the rest of the column: here "14" 

Column 17: This may be any number since it is not used in the further calculations 

Column 18: This may be any number since it is not used in the further 

calculations. 

!&NOTE: Please use the same formats for each column entry as those 

which already appear in the file. Pay attention to integer entries and to 
decimal entries. All columns should appear in exactly the same 
format. No blank lines should be inserted in the file. The file should 
terminate at the end of the last line, not at the beginning of the line 
following the last line of data. Test this by typing the entry 
<end><end><end> in the text editor. The cursor should be resting at 
the end of the last line of data, not on the line following. If the cursor is 
on a line following, move the cursor manually to the end of the last 
data line and tap the � key until the cursor turns into a blinking 
square. 

l&NOTE: If you are using a spreadsheet instead of an ASCII text editor to 

make these separations and changes, make sure that you save the 
final files in standard ASCII format. Make sure that the files maintain 
their originally generated form. 
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Each of these files should now be saved with a new file name, since we 

want to distinguish these truncated data files from the original input files. Save 

these files as CELLI_03.TRC, CELLI_04.TRC .... , etc. for cell 1, CELL2_03.TRC, 

CELL2_04.TRC .... , etc. for cell 2, and CELL3_03.TRC, CELL3_04.TRC .... , etc. for 

cell 3 for all of the remaining "experiments". The file extension "TRC" stands for 

"truncated". These files will be used extensively in the data processing packages 

described below. In the text editor, this is most simply accomplished by changing 

the file name of the window, and saving this new file. You can change the name 

of the file you are working on by use of the � and the "O" key: 

and entering the desired new file name (CELL1_03.TRC, for example). The file 

can then be saved to disk by using the 

command as described. You can then exit the text editor in the conventional way 

by using the � key and pressing the letter X: 

4.2 Data Analysis Package KR11.PAS 

Use of the program KRll.PAS 

The program KRl I.PAS uses the data and averaged data for the first and 

second sets of two day cell responses (those without heater calibration cycles) to 
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calculate (kR')11. Specifically, it uses only the data in the files CELLI_0I.A V, 

CELL2_01.AV, CELL3_01.AV, CELL1_02.AV, CELL2_02.AV, and CELL3_02.AV 

generated by l l AV.PAS as described above. These input data files should not 

contain more than 600 data lines, as this program can only handle file sizes this 

large. The program uses the auxiliary input file CELLDATA.FIL (see Section 

4.12) which contains all of the physical constants and cell parameters needed to 

perform the calculations. This file must be present in the same directory as the 

input data files and the main program K.Rl I .EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR 11.EXE are in the same current directory 

C:\SAMPLE> : 

C:\SAMPLE> KRll celll 01.av � 

C: \SAMPLE> KRll cell2 01.av � 

C: \SAMPLE> KRll cell3 01.av � 

C:\SAMPLE> KRll celll 02.av � 

C:\SAMPLE> KRll cell2 02.av � 

C: \SAMPLE> KRll cell3 02.av � 

Each run will produce a new data file containing comma, delimited 

spreadsheet tabulated data for use in a spreadsheet program for analysis and 

plotting. These new files are 

CELL3_01.Kl I, CELLI_02.KI 1, 

named CELLI_0l .Kl 1, CELL2_01.Kl I, 

CELL2_02.KI 1, and CELL3 02.KI I 

depending on which input file name you have used on the input line. Save these 

files for further processing with your spreadsheet programs. 

This program uses the raw (unaveraged) and averaged cell temperature 

and averaged cell voltage values to calculate the 4 possible values of (kR')11 
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( 1) A (kR')11 calculated using the actual cell temperature and the actual cell
voltage

(2) A (kR')11 calculated using the actual cell temperature and the 11 point
averaged cell voltage

(3) A (kR')11 calculated using the 11 point averaged cell temperature and the
actual cell voltage

(4) A (kR')11 calculated using the 11 point averaged cell temperature and the
11 point averaged cell voltage

� 67 ,vr,F .... 
Note that in each of these cases, the 11 point avefaged bath temp�

and t.!:!E 11 point averaged cell curr�t are used to calculate other parameters. This 
is actually of little consequence since these quantities are normally very constant. 
However, the use of the averaged quantities helps compensate for minor 
determinate experimental errors which might occur from time to time. 

On exiting, the output files contain the same number of data lines as the 
input files, and contain 16 columns, in the following order: 

( 1) The time of data acquisition (real time seconds) -/::

(2) The cell temperature (degrees C) f 

(3) The 4th power cell temperature difference divided by 109 (K4
)

( 4) The 11 point averaged cell temperature ( degrees C)

(5) The 4th power 11 point averaged cell temperature difference divided by 109 

(K4)

(6) The enthalpy change due to the change in the cell mass equivalent using
the actual cell temperature (Watts)

(7) The enthalpy change due to the change in the cell mass equivalent using
the 11 point averaged cell temperature (Watts)

(8) The actual ceil poreotial (Volts),

(9) The 11 point averaged cell potential (Volts)
I , 
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(10) The enthalpy input to the cell using the actual cell potential (Watts)

( 11) The enthalpy input to the cell using the I I point averaged cell potential
(Watts)

(12) The enthalpy change in the cell due to evaporation (Watts)

(13) (kR')11 divided by I 09 and calculated using the actual cell temperature and
the actual cell voltage (WK4)

(14) (kR')11 divided by 109 and calculated using the actual cell temperature and
the 1 I point averaged cell voltage (WK--�)

( 15) (kR')11 divided by I 09 and calculated using the I I point averaged cell
temperature and the actual cell voltage (WK-4)

(16) (kR')11 divided by 109 and calculated using the 11 point averaged cell
temperature and the 11 point averaged cell voltage (WK·\

4.3 Data Analysis Package KR11CAL.PAS 

Use of the program KRllCAL.PAS

The program KR! }CAL.PAS uses the raw data for all of the truncated 

data files of the cell responses (with and without heater calibration cycles) and 

calculates a value for (kR')11• The program calculates this value assuming that the 

heater calibration pulse is always on. These data are to be compared with the 

corresponding data output from KRl lNCAL.PAS. Specifically, it us�s only the 

files CELLl_Ol.DAT, CELL2_01.DAT, CELL3_01.DAT, CELL1_02.DAT, 

CELL2_02.DAT, CELL3_02.DAT, CELL1_03.DAT, ..... etc. generated as 

described in Section 4.1.2 step(e) and� as described above. These input data 

files should not contain more than 600 data lines, as this program also can only 

handle file sizes this large. The program uses the auxiliary input file 

CELLDATA.FIL (see Section 4.12) which contains all of the physical constants 

and cell parameters needed to perform the calculations. This file must be present 
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m the same directory as the input data files and the main program 

KRl !CAL.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KRl I .EXE are in the same current directory 

C:\SAMPLE> (entering input file names in small case letters): 

C:\SAMPLE> KRllCAL celll 01.dat � 

C:\SAMPLE> KRllCAL cell2 01.dat � 

C:\SAMPLE> KRllCAL cell3 01.dat � 

C:\SAMPLE> KRllCAL celll 02.dat � 

C:\SAMPLE> KRllCAL cell2 02.dat � 

C:\SAMPLE> KRllCAL cell3 02.dat � -

C:\SAMPLE> KRllCAL celll 03.dat � 

C:\SAMPLE> KRllCAL cell2 03.dat � 

� 

� 

etc. etc. etc. � 

Each run will produce a new data file containing comma delimited 

spreadsheet tabulated data for use in a spreadsheet program for analysis and 

plotting. These new files are named CELLl_0l.l lY, CELL2_01.l 1Y, 

CELL3_01.l 1Y, CELL1_02.l 1Y, CELL2_02.l 1Y, CELL3_02.11Y, 

CELLl_0l.l lY, ...... etc.depending on which input file name you have used on 

the input line. Save these files for further processing with your spreadsheet 

programs. 
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This program uses the raw cell temperature, cell voltage values, cell 

current, bath temperature, and an averaged value of the heater power to calculate 

the value of (kR') 1 1 : 

On exiting, the .11 Y output files contain the same number of data lines as 

the input files, and contain 13 columns, in the following order: 

(I) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4)

( 4) A blank column for calculations/ statistics

(5) A blank column for calculations/ statistics

(6) C
p
Mo times the time derivative of the temperature (W) 

(7) A blank column for calculations/ statistics

(8) The cell potential (Volts)

(9) The enthalpy input to the cell (Watts)

( 10) A blank column for calculations/ statistics

( 11) A blank column for calculations/ statistics

(12) The enthalpy change in the cell due to evaporation (Watts)

(13) (kR')1 1 divided by 109 and calculated assuming the calibration heater is
always on (WK

-4)

4-30



4.4 Data Analysis Package KR11 NCAL.PAS 

4.4 Data Analysis Package KR11NCAL.PAS 

Use of the program KRllNCAL.PAS

The program KRI INCAL.PAS uses the raw data for all of the data files of 

the cell responses (with and without heater calibration cycles) and calculates a 

value for (kR')11 • The program calculates these point by point values assuming 

that the heater calibration pulse is always off. These data are to be compared with 

the corresponding data output from KR 11 CAL.PAS. Specifically, it uses only the 

files CELLI_0l.DAT, CELL2_01.DAT, CELL3_01.DAT, CELL1_02.DAT, 

CELL2_02.DAT, CELL3_02.DAT, CELL1_03.DAT, ..... etc. generated as 

described in Section 4.1.2 step(e) and £1e.lill) as described above. These input data 

files should not contain more than 600 data lines, as this program also can only 

handle file sizes this large. The program uses the auxiliary input file 

CELLDA TA.FIL (see Section 4.12) which contains all of the physical constants 

and cell parameters needed to perform the calculations. This file must be present 

in the same directory as the input data files and the main program 

KRI ICAL.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KRI I.EXE are in the same current directory 

C:\SAMPLE> (entering input file names in small case letters): 
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C:\SAMPLE> KRllNCAL celll 01.dat � 

C:\SAMPLE> KRllNCAL cell2 01.dat � 

C:\SAMPLE> KRllNCAL cell3 01.dat � 

C:\SAMPLE> KRllNCAL celll 02.dat � 

C:\SAMPLE> KRllNCAL cell2 02.dat will 

C:\SAMPLE> KRllNCAL cell3 02.dat will 

C:\SAMPLE> KRllNCAL celll 03.dat � 

C:\SAMPLE> KRllNCAL cell2 03.dat � 

� 

� 

etc. etc. etc. � 

Each run will produce a new data file containing comma delimited 

spreadsheet tabulated data for use in a spreadsheet program for analysis and 

plotting. These new files are named CELLl_0l .1 lN, CELL2_01.11N, 

CELL3_01.11N, CELL1_02.11N, CELL2_02.11N, CELL3_02.11N, 

CELLl_0I.1 lN, ...... etc. depending on which input file name you have used on 

the input line. Save these files for further processing with your spreadsheet 

programs. 

This program uses the raw cell temperature, cell voltage values, cell 

current, and the bath temperature to calculate the value of (kR') 11 

On exiting, the .11 N output files contain the same number of data lines as 

the input files, and contain 13 columns, in the following order: 

( 1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)
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(3) The 4th power cell temperature difference divided by 109 (K4
)

( 4) A blank column for calculations I statistics

(5) A blank column for calculations I statistics

(6) C
p
Mo times the time derivative of the temperature (W) 

(7) A blank column for calculations I statistics

(8) The cell potential (Volts)

(9) The enthalpy input to the cell (Watts)

( 10) A blank column for calculations I statistics

( 11) A blank column for calculations I statistics

(12) The enthalpy change in the cell due to evaporation (Watts)

(13) (kR') 11 divided by 109 and calculated assuming the calibration heater is
always off (WK-4)

4.5 Data Analysis Package KR31A.PAS 

Use of the program KR31A.PAS 

The program KR3 1 A.PAS uses the data from the "experiments" for the 

first two sets of experiments for each cell which do not contain heater calibration 

pulses and calculates tables that are used for extrapolation procedures to determine 

values of (kR')31 . Specifically, it uses the data in the raw data files 

CELLI 0 l.TRC CELL2_01. TRC, CELL3_01.TRC, CELL1_02.TRC, 

CELL2_02.TRC, and CELL3_02.TRC which were prepared according to Section 

4.1.2, �. above. These input data files should not contain more than 600 

data lines, as this program also can only handle file sizes this large. The program 

again uses the same auxiliary input file CELLDA TA.FIL (see Section 4.12) which 

contains all of the physical constants and cell parameters needed to perform the 
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calculations. This file must be present in the same directory as the input data files 

and the main program KR31 A.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR31A.EXE are in the same current directory 

C:\SAMPLE> 

C:\SAMPLE> KR31A celll 01.trc � 

C:\SAMPLE> KR31A cell2 01.trc � 

C:\SAMPLE> KR31A cell3 01.trc will 

C:\SAMPLE> KR31A celll 02.trc will 

C:\SAMPLE> KR31A cell2 02.trc will 

C:\SAMPLE> KR31A cell3 02.trc cB 

Again, use small case letters when you enter the input file names, and 

follow the instructions on the screen. You will be prompted to tell the program 

whether you are using the data for the first two days (by entering a "0"), or the set 

for the for the second two days (by entering a "l "). Each run will produce a new 

data file containing comma delimited spreadsheet tabulated data for use in a 

spreadsheet program for analysis and plotting. These new files are named 

CELL1_01.K31, CELL2_01.K3 l ,  CELL3_01.K31, CELL1_02.K31, 

CELL2 _ 02.K3 l ,  and CELL3 _ 02.K3 l depending on the input file name you have 

used on the input line. Save these files for further processing with your 

spreadsheet programs. 

This program uses the truncated raw (unaveraged) cell temperature, cell 

voltage, cell current, and bath temperature values to calculate the x and y 

coordinates necessary to generate the plots for determining C
p
Mo and (kR')31 
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On exiting, the output file contains two sections, each section having the 

same number of data lines as the input files, less I which reflects the requirements 

of forward integration techniques used. The first section contains the calculations 

made by using the trapezoidal rule for integration. The second section provides 

the same calculations made using the ;Simpson's wle for int�n. The file 

contains 20 comma delimited columns, in the following order: 

SECTION 1. Trapezoidal rule of integration: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by I 09 (K4)

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater(= 0 Watts)

(9) The trapezoidal time intefal of the 4th power temperature difference in (3)
above divided by I 09 (K s)

( I 0) The trapezoidal time integral of the time integral ( double integral) in (9) 
above of the 4th power temperature difference given in (3) above divided 
by 109 (K4s2) 

( 11) The trapezoidal time integral of the enthalpy input given in (10) above (J)

(12) The trapezoidal time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)

(13) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the starting temperature. (J)

(14) The trapezoidal time integral of the enthalpy input due to the calibration
heater given in (8) above ( = 0 J)
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( 15) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the starting temperature, given in (13) above, divided
by the time integral given in (9) above, all divided by 10

9 
(WK"

4
) 

(16) The integral given in (11) above minus the integral given in (12) above

plus the integral given in (14) above, all divided by the integral given in
(9) above, and all divided by 10

9 
(WK."

4
) 

(17) A blank column for writing down statistics

(18) The integral given in ( 11) above minus the integral given in ( 12) above
plus the integral given in (14) above plus the quantity given in (13) above,
all divided by the integral given in (9) above, all divided by I 0

9 
(WK.

4
)

(19) The integral in (9) above divided by the double integral in ( I 0) above (s.
1
) 

(20) A blank column for writing down statistics

SECTION 2. Simpson's rule for integration: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4
th 

power cell temperature difference divided by I 0
9 

(K
4

) 

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater ( = 0 Watts)

(9) The Simpson's rule time integral of the 4th power temperature difference
in (3) above divided by I 0

9 
(K

4
s)

(10) The Simpson's rule time integral of the time integral (double integral) in
(9) above of the 4th power temperature difference given in (3) above
divided by I 0

9 
(K

4
s

2
)

( 11) The Simpson's rule time integral of the enthalpy input given in (10)
above (J)
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( 12) The Simpson's rule time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)

(13) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the starting temperature (J)

(14) The Simpson's rule time integral of the enthalpy input due to the
calibration heater given in (8) above ( = 0 J)

( 15) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the starting temperature, given in ( 13) above, divided
by the time integral given in (9) above, all divided by 109 (WK"

4
) 

(16) The integral given in (11) above minus the integral given in (12) above
plus the integral given in (14) above, all divided by the integral given in
(9) above, and all divided by 109 (WK

-4
)

(17) A blank column for writing down statistics

(18) The integral given in (1 I) above minus the integral given in ( 12) above
plus the integral given in (14) above plus the quantity given in (13) above,
all divided by the integral given in (9) above, all divided by I 09 (WK"

4
)

(19) The integral in (9) above divided by the double integral in (10) above (s-1)

(20) A blank column for writing down statistics

4.6 Data Analysis Package KR31.PAS 

Use of the program KR31.PAS 

The program .KR3 l .PAS uses the data from all "experiments" containing_ 

heater calibration pulses (i.e. the experiment sets following the I st two sets of 2 

days each) and calculates tables that are used for extrapolation procedures to 

determine values of (kR')31 • Specifically, it uses the data in the truncated raw data 

files CELL1_03.TRC, CELL2_03.TRC, CELL3_03.TRC, CELL1_04.TRC, ... etc. 

and all experiments thereafter, which were prepared according to Section 4.1.2, 

step(g), above. These input data files should not contain more than 600 data 
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lines, as this program also can only handle file sizes this large. The program again 

uses the same auxiliary input file CELLDATA.FIL (see Section 4.12) which 

contains all of the physical constants and cell parameters needed to perform the 

calculations. This file must be present in the same directory as the input data files 

and the main program KR3 l .EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR31 .EXE are in the same current directory 

C:\SAMPLE> 

C:\SAMPLE> KR31 celll 

C:\SAMPLE> KR31 cell2 

C:\SAMPLE> KR31 cell3 

C:\SAMPLE> KR31 celll 

C:\SAMPLE> KR31 cell2 

C:\SAMPLE> KR31 cell3 

etc. etc. 

03.trc

03.trc

03.trc

04.trc

04.trc

04.trc

etc. 

� 

� 

� 

� 

� 

� 

� 

� 

� 

Again, use small case letters when you enter the input file names. Each 

run will produce a new data file containing comma delimited spreadsheet tabulated 

data for use in a spreadsheet program for analysis and plotting. These new files 

are named CELL1_03.K31, CELL2_03.K3 l, CELL3_03.K31 , CELL1_04.K3 l, 

CELL2_04.K31, CELL3_04.K3 l, and so forth depending on the input file name 

you have used on the input line. Save these files for further processing with your 

spreadsheet programs. 
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This program uses the truncated raw (unaveraged) cell temp�er.ature, eel 

v.olta.ge, cell cur:r.ent, bath temperature, and cell heater power values to calculate 

the x and y coordinates necessary to generate the plots for determining C
p
Mo and 

(kR')31 

On exiting, the output file contains two sections, each section having the 

same number of data lines as the input files, less I which reflects the requirements 

of forward integration techniques used. The first section contains the calculations 

made by using the _trapezoidal rule for integration. The second section provides 

contains 20 comma delimited columns, in the following order: 

SECTION 1. Trapezoidal rule of integration: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4
)

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time intefral of the 4th power temperature difference in (3)
above divided by 109 (K s)

( I 0) The trapezoidal time integral of the time integral ( double integral) in (9) 
above of the 4th power temperature difference given in (3) above divided 
by 109 (K\2) 

(11) The trapezoidal time integral of the enthalpy input given in (10) above (J)

(12) The trapezoidal time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)
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(13) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the starting temperature. (J)

(14) The trapezoidal time integral of the enthalpy input due to the calibration
heater given in (8) above (J)

(15) The product of CpMo from CELLDATA.FIL and the difference in the
cell temperature and the starting temperature, given in (13) above, divided
by the time integral given in (9) above, all divided by 109 (WK-4)

( 16) The integral given in (11) above minus the integral given in ( 12) above
plus the integral given in (14) above, all divided by the integral given in
(9) above, and all divided by 109 (WK4

)

(17) A blank column for writing down statistics

( 18) The integral given in ( 11) above minus the integral given in ( 12) above
plus the integral given in (14) above plus the quantity given in (13) above,
all divided by the integral given in (9) above, all divided by I 09 (WK4

) 

(19) The integral in (9) above divided by the double integral in ( I 0) above (s-1)

(20) A blank column for writing down statistics

SECTION 2. Simpson's rule for integration: 

fi_,�,v-......./ k
7 

M, F=:-
(1) The time of data acqufsition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by I 09 (K4
) 

(4) The actual cell potential (Volts)

&-'E-� > :I:(5) The enthalpy input to the cell using the actual cell potential (Watts) fE=.i:,,

(6) The enthalpy change in the cell due to evaporation (Watts) l'-"\�v--l.. 4'Mf'l-..�
�} 

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts) F4

(9) The Simpson's rule time integral of the 4th power temperature difference
in (3) above divided by 109 (K4s)
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(10) The Simpson's rule time integral of the time integral (double integral) in
(9) above of the 4th power temperature difference given in (3) above
divided by 109 (K4s2)

(11) The Simpson's rule time integral of the enthalpy input given in (10)
above (J)

(12) The Simpson's rule time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)

(13) The product of CpMo from CELLDA TA.FIL and the difference in t e
cell temperature and the starting temperature. CplV\ (_ 1-1c 0-1 :S

(14) The Simpson's rule time integral of the enthalpy input due to the
calibration heater given in (8) above (J)

(15) The product of CpMo from CELLDA TA.FIL and the difference in the
cell temperature and the bath temperature given in (13) above, divided by
the time integral given in (9) above, all divided by 109 (WK4

)

(16) The integral given in (11) above minus the integral given in (12) above
plus the integral given in (14) above, all divided by the integral given in
(9) above, and all divided by 109 (WK4

)

( 17) A blank column for writing down statistics

(18) The integral given in (11) above minus the integral given in (12) above
plus the integral given in ( 14) above plus the quantity given in ( 13) above,
all divided by the integral given in (9) above, all divided by 109 

(WK
4
)

(19) The integral in (9) above divided by the double integral in (10) above (s-1)

(20) A blank column for writing down statistics

4.7 Data Analysis Package KR31BACK.PAS 

Use of the program KR31BACK.PAS 

The program KR31BACK.PAS uses the data from all "experiments" 

which contain heater calibration pulses (i.e. the experiment sets following the 1st 

two sets of 2 days each) and calculates point by point values of (kR')31 using 

q,ackwards trapezoidal integratioo--'[rom long times to short tim,es). Specifically, it 

N'k£J � h vw� J:.v.Jej�VV\
(_ Le.s--=s 8-c�J 
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uses the data in the truncated raw data files CELL1_03.TRC, CELL2_03.TRC, 

CELL3_03.TRC, and all experiments thereafter, which were prepared according to 

Section 4.1.2, step(g), above. These input data files should not contain more than 

600 data lines, as this program also can only handle file sizes this large. The 

program again uses the same auxiliary input file CELLDA TA.FIL (see Section 

4.12) which contains all of the physical constants and cell parameters needed to 

perform the calculations. This file must be present in the same directory as the 

input data files and the main program KR3 l BACK.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR3 l BACK.EXE are in the same current directory 

C:\SAMPLE> (enter the input file names in lower case letters): 

C:\SAMPLE> KR31BACK celll 03.trc wa 

C:\SAMPLE> KR31BACK cell2 03.trc wa 

C:\SAMPLE> KR31BACK cell3 03.trc wa 

C:\SAMPLE> KR31BACK celll 04.trc wa 

C:\SAMPLE> KR31BACK cell2 04.trc wa 

C:\SAMPLE> KR31BACK cell3 04.trc wa 

.wa 

wa 

etc. etc. etc. wa 

Once again, remember to use small case letters when you enter the input 

file names. Each run will produce a new data file containing comma delimited 

spreadsheet tabulated data for use in a spreadsheet program for analysis and 
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plotting. These new files are named CELL1_03.31B, CELL2_03.31B, 

CELL3_03.31B, CELL1_04.K31B, CELL2_04.K31B, CELL3_04.K31B, and so 

forth depending on the input file name you have used on the input line. Save these 

files for further processing with your spreadsheet programs. 

On exiting, the output file contains one section corresponding to data and 

values calculated using the trapezoidal method of integration only, and in the 

reverse time direction. The file contains the same number of data lines as the 

input files, less 6 which reflects the requirements of the integration technique used, 

and the fact that the integration starts 6 points from the end of the file, since an 11 

point average is used to calculate the best starting cell temperature for the 

integration. The file contains 15 comma delimited columns, in the following order: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4
)

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the starting temperature (degrees
C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time inte.fral of the 4th power temperature di
f

ference in (3) 
above divided by 109 (K s) 

(10) The trapezoidal time integral of the enthalpy input given in ( 10) above (J)

( 11) The trapezoidal time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)

(12) The product of CpMo from CELLO A TA.FIL and the difference in the
cell temperature and the starting temperature. (J)
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( 13) The trapezoidal time integral of the enthalpy input due to the calibration
heater given in (8) above (J)

(14) (kR ')31 determined in the reverse direction from trapezoidal integration

(WK
4
)

( 15) A blank column for writing down statistics

4.8 Data Analysis Package KR31 BPL T.PAS 

Use of the program KR31BPLT.PAS 

The program KR3 l BPLT.PAS uses the data from all "experiments" which 

contain heater calibration pulses (i.e. the experiment sets following the 1st two sets 

of 2 days each) and calculates the x any v values to generate a plot for 

determination of the best value of (kR ')Ji (by extrapolation to zero on the x- axis) 

and CpM
0 

(by determination of the slope of the plot). The program again uses 

backwards trapezoidal integration (from long times to short times). Specifically, it 

uses the data in the truncated raw data files CELL1_03.TRC, CELL2_03.TRC, 

CELL3_03.TRC, and all experiments thereafter, which were prepared according to 

Section 4.1.2, step(g), above. These input data files should not contain more than 

600 data lines, as this program also can only handle file sizes this large. The 

program again uses the same auxiliary input file CELLDA TA.FIL (see Section 

4.12) which contains all of the physical constants and cell parameters needed to 

perform the calculations. This file must be present in the same ·directory as the 

input data files and the main program KR3 l BPL T.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR3 l BPL T.EXE are in the same current directory 

C:\SAMPLE> (enter the input file names in lower case letters) : 
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C:\SAMPLE> KR31BPLT celll 03.trc wa 

C:\SAMPLE> KR31BPLT cell2 03.trc wa 

C:\SAMPLE> KR31BPLT cell3 03.trc wa 

C:\SAMPLE> KR31BPLT celll 04.trc wa 

C:\SAMPLE> KR31BPLT cell2 04.trc wa 

C:\SAMPLE> KR31BPLT cell3 04.trc wa 

wa 

� 

etc. etc. etc. � 

Once again, remember to use small case letters when you enter the input 

file names. Each run of KRJ 1 BPL T.EXE will produce a new output data file 

containing comma delimited spreadsheet tabulated data for use in a spreadsheet 

program for analysis and plotting. These new files are named CELL 1_03.31 P, 

CELL2_03.3 l P, CELL3 _ 03 .31 P, CELL1_04.31 P, CELL2_04.31 P, 

CELL3_04.31P, and so forth depending on the input file name you have used on 

the input line. Save these files for further processing with your spreadsheet 

programs. 

On exiting, the output file contains one section corresponding to data and 

values calculated using the trapezoidal method of integration only, and in the 

reverse time direction. The file contains the same number of data lines as the 

input files, less 6 which reflects the requirements of the integration technique used, 

and the fact that the integration starts 6 points from the end of the file, since an 11 

point average is used to calculate the best starting cell temperature for the 

integration. The file contains 15 comma delimited columns, in the following order: 

(1) The time of data acquisition (real time seconds)
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(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4)

(4) The actual cell potential (Volts)

DATA ANALYSIS 

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the starting temperature (degrees
C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time intefral of the 4th power temperature difference in (3)
above divided by 109 (K. s)

(JO) The trapezoidal time integral of the enthalpy input given in (10) above (J) 

( 11) The trapezoidal time integral of the enthalpy change in the cell due to
evaporation given in ( 6) above (J)

( 12) The product of CpMo from CE LLD AT A.FIL and the difference in. the
cell temperature and the starting temperature. (J) C

.p!V'\ LT- \
6
) 

(13) The trapezoidal time integral of the enthalpy input due to the calibration
heater given in (8) above (J)

(14) The values for the x axis for the plot to be generated (K3s·1)

( 15) The values for the y axis for the plot to be generated (WK.4)

( 16) A blank column for writing down statistics

4.9 Data Analysis Package KR22.PAS 

Use of the program KR22.P AS 

The program KR22.PAS uses the data from all "experiments" containing 

heater calibration pulses (i.e. the experiment sets following the I st two sets of 2 
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days each) and calculates point by point values of (kR'b. Specifically, it uses the 

data in the truncated raw data files CELL1_03.TRC, CELL2_03.TRC, 

CELL3 _ 03. TRC, and all experiments thereafter, which were prepared according to 

Section 4.1.2, step(g), above. These input data files should not contain more than 

600 data lines, as this program also can only handle file sizes this large. The 

program again uses the same auxiliary input file CELLDA TA.FIL (see Section 

4.12) which contains all of the physical constants and cell parameters needed to 

perform the calculations. This file must be present in the same directory as the 

input data files and the main program KR22.EXE. 

The program is run on each input file as follows, again assuming that the 

input files and the program KR22.EXE are in the same current directory 

C:\SAMPLE> : 

C:\SAMPLE> KR22 

C:\SAMPLE> KR22 

C:\SAMPLE> KR22 

C:\SAMPLE> KR22 

C:\SAMPLE> KR22 

C:\SAMPLE> KR22 

etc. etc. 

celll 

cell2 

cell3 

celll 

cell2 

cell3 

03.trc

03.trc

03.trc

04.trc

04.trc

04.trc

etc. 

wa 

�Fl 

wa 

wa 

wa 

wa 

wa 

wa 

wa 

Once again, remember to use small case letters when you enter the input 

file names. Each run will produce a new data file containing comma delimited 
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spreadsheet tabulated data for use in a spreadsheet program for analysis and 

plotting. These new files are named CELL1_03.K22, CELL2_03.K22, 

CELL3_03.K22, CELL1_04.K22, CELL2_04.K22, CELL3_04.K22, and so forth 

depending on the input file name you have used on the input line. Save these files 

for further processing with your spreadsheet programs. 

A best value for C
p
Mo may be obtained from the plots developed in the 

K.R3 l .PAS analysis for use in CELLDA TA.FIL for the best value of (kR ')ii 

As in KR3 l .PAS, on exiting, the output file contains two sections, each 

section having the same number of data lines as the input files, less 1 which 

reflects the requirements of forward integration techniques used. The first section 

contains the calculations made by using the trapezoidal rule for integration. The 

second section provides the same calculations made using the Simpson's rule for 

integration. The file contains 15 comma delimited columns, in the following 

order: 

SECTION 1. Trapezoidal rule of integration: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4
)

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time intetal of the 4th power temperature difference in (3)
above divided by 109 (K s)

(I 0) The trapezoidal time integral of the enthalpy input given in ( 10) above (J) 
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(11) The trapezoidal time integral of the enthalpy change in the cell due to

evaporation given in (6) above (J)

(12) The product of CpMo from CELLDATA.FIL and the difference in the
cell temperature and the starting temperature. (J)

(13) The trapezoidal time integral of the enthalpy input due to the calibration

heater given in (8) above (J)

(14) (kR'b determined from trapezoidal integration (WK
4
)

( 15) A blank column for writing down statistics

SECTION 2. Simpson's rule fur integration:

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 10
9 

(K
4

)

(4) The actual cell potential (Volts)

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the bath temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The Simpson's rule time integral of the 4th power temperature difference
in (3) above divided by I 0

9 
(K

4
s)

(10) The Simpson's rule time integral of the enthalpy input given in (10)
above (J)

(11) The Simpson's rule time integral of the enthalpy change in the cell due to
evaporation given in (6) above (J)

(12) The product of CpMo from CELLDATA.FIL and the difference in the
cell temperature and the starting temperature. (J)

(13) The Simpson's rule time integral of the enthalpy input due to the

calibration heater given in (8) above (J)
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(14) (kR'b determined from Simpson's rule integration (WK
-4

)

(15) A blank column for writing down statistics

4.10 Data Analysis Package KR22BACK.PAS 

Use of the program KR22BACK.PAS 

DATA ANALYSIS 

The program KR22BACK.PAS uses the data from all "experiments" which contain 

heater calibration pulses (i.e. the experiment sets following the 1st two sets of 2 days each) 

and calculates point bv point values of (kR'b using backwards trapezoidal integration (from 

long times to short times). Specifically, it uses the data in the truncated raw data files 

CELL1_03.TRC, CELL2_03.TRC, CELL3_03.TRC, and all experiments thereafter, which 

were prepared according to Section 4.1.2, step(g), above. These input data files should not 

contain more than 600 data lines, as this program also can only handle file sizes this large. 

The program again uses the same auxiliary input file CELLO AT A.FIL (see Section 4.12) 

which contains all of the physical constants and cell parameters needed to perform the 

calculations. This file must be present in the same directory as the input data files and the 

main program KR22BACK.EXE. 

The program is run on each input file as follows, again assuming that the input files 

and the program KR22BACK.EXE are in the same current directory C:\SAMPLE> (enter the 

input file names in lower case letters) 
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C:\SAMPLE> KR22BACK celll 03.trc � 

C:\SAMPLE> KR22BACK cell2 03.trc � 

C:\SAMPLE> KR22BACK cell3 03.trc � 

C:\SAMPLE> KR22BACK celll 04.trc � 

C:\SAMPLE> KR22BACK cell2 04.trc � 

C:\SAMPLE> KR22BACK cell3 04.trc � 

� 

� 

etc. etc. etc. � 

Once again, remember to use small case letters when you enter the input file names. 

Each run will produce a new data file containing comma delimited spreadsheet tabulated data 

for use in a spreadsheet program for analysis and plotting. These new files are named 

CELL1_03.22B, CELL2_03.22B, CELL3_03.22B, CELL1_04.22B, CELL2_04.22B, 

CELL3_04.22B, and so forth depending on the input file name you have used on the input 

line. Save these files for further processing with your spreadsheet programs. 

A best value for C
p
Mo may be obtained from the plots developed in the KR3 l.PAS 

analysis for use in CELLDATA.FIL for detennination of the best value of (kR'b. 

On exiting, the output file contains one section corresponding to data and values 

calculated using the trapezoidal method of integration only, and in the reverse time direction. 

The file contains the same number of data lines as the input files, less 6 which reflects the 

requirements of the integration technique used, and the fact that the integration starts 6 points 

from the end of the file, since an 11 point average is used to calculate the best starting cell 

temperature for the integration. The file contains 15 comma delimited columns, in the 

following order: 

(1) The time of data acquisition (real time seconds)

(2) The cell temperature (degrees C)

(3) The 4th power cell temperature difference divided by 109 (K4)

(4) The actual cell potential (Volts)
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(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the starting temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time integral of the 4th power temperature difference in (3) above
divided by 109 (K4s)

(10) The trapezoidal time integral of the enthalpy input given in (10) above (J)

(11) The trapezoidal time integral of the enthalpy change in the cell due to evaporation
given in (6) above (J)

(12) The product of CpMo from CELLDA TA.FIL and the difference m the cell
temperature and the starting temperature. (J)

(13) The trapezoidal time integral of the enthalpy input due to the calibration heater
given in (8) above (J)

(14) (kR 'hi determined in the reverse direction from trapezoidal integration (WK"4)

( 15) A blank column for writing down statistics

4.11 Data Analysis Package KR22BPL T.PAS 

Use of the program KR22BPLT.PAS 

The program KR22BPL T.PAS uses the data from all "experiments" which contain 

heater calibration pulses (i.e. the experiment sets following the 1st two sets of 2 days each) 

and calculates the x any y values to generate a plot for determination of the best value of 

(kR'b (by extrapolation to zero on the x-axis) and CpM0 
(by determination of the slope of 

the plot). The program again uses backwards trapezoidal integration (from lo�g times to short 

times). Specifically, it uses the data in the truncated raw data files CELL1_03.TRC, 

CELL2_03.TRC, CELL3_03.TRC, and all experiments thereafter, which were prepared 

according to S_ection 4.1.2, step(g), above. These input data files should not contain more 

than 600 data lines, as this program also can only handle file sizes this large. The program 

again uses the same auxiliary input file CELLDATA.FIL (see Section 4.12) which contains 

all of the physical constants and cell parameters needed to perfonn the calculations. This file 

must be present in the same directory as the input data files and the main program 

KR22BPL T.EXE. 
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4.11 Data Analysis Package KR22BPLT.PAS 

The program is run on each input file as follows, again assuming that the input files 

and the program KR22BPL T.EXE are in the same current directory C:\SAMPLE> ( enter the 

input file names in lower case letters) : 

C:\SAMPLE> KR22BPLT celll 03.trc Ir§] 

C:\SAMPLE> KR22BPLT cell2 03.trc Ir§] 

C:\SAMPLE> KR22BPLT cell3 03.trc Ir§] 

C: \SAMPLE> KR22BPLT celll 04.trc Ir§] 

C:\SAMPLE> KR22BPLT cell2 04.trc Ir§] 

C:\SAMPLE> KR22BPLT cell3 04.trc Ir§] 

Ir§] 

Ir§] 

etc. etc. etc. Ir§] 

Once again, remember to use small case letters when you enter the input file names. 

Each run of KR22BPLT.EXE will produce a new output data file containing comma 

delimited spreadsheet tabulated data for use in a spreadsheet program for analysis and 

plotting. These new files are named CELL1_03.22P, CELL2_03.22P, CELL3_03.22P, 

CELL1_04.22P, CELL2_04.22P, CELL3_04.22P, and so forth depending on the input file 

name you have used on the input line. Save these files for further processing with your 

spreadsheet programs. 

On exiting, the output file contains one section corresponding to data and values 

calculated using the trapezoidal method of integration only, and in the reverse time direction. 

The file contains the same number of data lines as the input files, less 6 which reflects the 

requirements of the integration technique used, and the fact that the integration starts 6 points 

from the end of the file, since an 11 point average is used to calculate the best starting cell 

temperature for the integration. The file contains 15 comma delimited columns, in the 

following order: 

( 1) The time of data acquisition (real time seconds)
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(2) The cell temperature (degrees C)

(3) The 4
th 

power cell temperature difference divided by 10
9 

(K
4

)

(4) The actual cell potential (Volts)

DATA ANALYSIS 

(5) The enthalpy input to the cell using the actual cell potential (Watts)

(6) The enthalpy change in the cell due to evaporation (Watts)

(7) The difference in the cell temperature and the starting temperature (degrees C)

(8) The enthalpy input due to the calibration heater (Watts)

(9) The trapezoidal time integral of the 4th power temperature difference in (3) above

divided by 10
9 

(K
4
s)

(10) The trapezoidal time integral of the enthalpy input given in ( 10) above (J)

(11) The trapezoidal time integral of the enthalpy change in the cell due to evaporation

given in (6) above (J)

(12) The product of CpMo from CELLDATA.FIL and the difference 111 the cell

temperature and the starting temperature. (J)

( 13) The trapezoidal time integral of the enthalpy input due to the calibration heater
given in (8) above (J)

(14) The values for the x axis for the plot to be generated (K.
3
s·

1
) 

( 15) The values for the y axis for the plot to be generated (WK"
4
) 

( 16) A blank column for writing down statistics

4.12 Modifying CELLDATA.FIL for Use in Analysis Programs 

It is of course necessary for the user to supply experimental information regarding 

each cell processed and other operating parameters to the program before starting the 

analysis program. All user-defined data and physical constants used by ICARUS data 

processing packages are located in a single data file, CELLO AT A.FIL. This file is easily 

accessed and modified by using a text editor (there is one included with your data processing 

computer). 
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4.12 Modifying CELLDATA.FIL for Use in Analysis Programs 

Copy the CELLDA TA.FIL to your working file C:\SAMPLE by typing the 

command: 

C:\SAMPLE> COPY C:\ICARUS2\CELLDATA.BAK CELLDATA.FIL 

enter> 

If you make a mistake when modifying this text file, then you will have difficulty in 

running the program due to this error. You may restore the originally supplied 

CELLDA TA.FIL from the read-only backup version CELLDA TA.BAK by typing this last 

command again and starting over. 

If you are prompted to overwrite the existing CELLDA TA.FIL then respond yes by 

typing "y" followed by wFn. You may then start again to modify the new copy of 

CELLDA TA.FIL file for the particular cell being analyzed. Please note that the Physical 

Constants Section may also be modified in the case where better values become available. 

To edit the CELLDAT A.FIL text file with the included text file editor, type the instruction 

(at the C:\SAMPLE\> prompt) 

C:\SAMPLE\> B CELLDATA.FIL 

This places the file CELLDA TA.FIL into the text editor. This file will appear on the 

screen as: Mu --.:> ('1°'-0c.L-) C l-W��-iz)( �0 ::: �,i63� 

1 {Physical constants} 

2 �1?11.,'3.S 
3 75.376 ·1 5· 'lkll

4 �?"3,l-j,'l.-1 

5 �:�..i�Y '>:!>• s--r, 

6 41672.600 
....,---.., 

7 40656.300 

8 374 .570 

9 373.150 

10 1. 540 (' '•>�,)
11 1.480 

12 96484.560 

13 273.150 

14 5.67032E-08 

15 8 .314410 

CrMo�'-'ld\:S-/
"( 

---

{Heat capacity of D2O liquid, J/mol/K} 

{Heat capacity of H2O liquid, J/mol/K} 

{Heat capacity of D2O vapor, J/mol/K} 

{Heat capacity of H
2O vapor, J/mol/K} 

{Heat of evaporation of D
2O, J/mol} 

{Heat of evaporation of H2O, J/mol} 

{Boiling point D20, K} 

{Boiling point H2O, K} 

{Thermoneutral potential D2O, volts} 

..!��t-.5� 

Ce.\!Ls. ,..� 4{- N'ft,E 

C...r M == '-lSO � /4-1

{Thermoneutral potential H2O, volts} 

{Faraday Constant, coulombs/mol} 

{Freezing point H2O, K} 

l4�¥� 
t-t,, Lt-ss. 3 c/� 1

{Stefan Boltzmann constant, watts M2/K4} 

{Gas constant, J/mole/K} 
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Chapter 4 DATA ANALYSIS 

Mi-t.� 

t.tso.h 
- 1-

16 

17 

18 

19 

20 

20.027450 v

18.015280 / 

1.105500 t, o'-<Lf..5

0.999780 '1A17<''tg

{Cell Parameters: 

{Molar Mass D2O, gm/mol} 

{Molar Mass H2O, gm/mol} 

{Density D2O, gms, cc} 

{Density H2O, gms, cc} 

These must be entered for each cell, each 
experiment} 

21 e--rov h¼� {Water equivalent of cell, Cp • Mo, J/K} 

22 D2O 

23 1.003 {Nominal ambient pressure / atm} 

(_$ "n� 1'i-)' h..�� �.,.:--w..-,t .-\''V\ l.e,l (.; J 

Any numerical entry in this file mav be changed. To use the text editor provided, simply 
move the cursor to the position that you want to modify using the left, right, up, and down 
arrow keys (and/or the <page up>, <page down>, <home>, <end> keys). Type in 

the new entries and delete the old entries by using the � and/or <backspace> keys. 

The data for each experiment under the {Cell Parameters} sectiQn of the file (entries 
21-23) filY.S1 b reflect the act�erating conditions of each cell. You must use 

format as shown in each entry, i.e. all real numbers including the decimal 
points and numbers following the decimal point. Entry #22 must either be "D20" or "H20" 
using upper case letters as shown. All new entries should line up as shown above. 

A "test" value for Entry #21, the {Water equivalent} for each cell is supplied to you 
in a separate document along with the other system technical specifications. You should 
determine an exact value using the methods described in Appendix B. 

1!$"NOTE: There are precisely 23 lines in this data file. This number of lines must not 

be chang'ed. No blank lines should be inserted. The line position of each value 
must remain in the order shown (i.e. do not change the position of any two 
lines). 

When all of the changes have been made, you must write the modified file back to 

the hard disk by holding down the � key and pressing the letter W: 

A successful write will be indicated at the bottom of the screen. You can then exit 

the text editor by holding down the J� key and pressing the letter X: J� X. You are 
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4.12 Modifying CELLDATA.FIL for Use in Analysis Programs 

then returned to the DOS operating system. The file is now ready to be used by the main 

processing programs in the ICARUS VERSION 2 processing packages. 

4.13 Emergency Raw Binary Data Recovery 

Under certain circumstances, a binary data file may become corrupted resulting in 

loss of data. This is likely to occur (a) if there is a power failure to the data acquisition 
I 

computer during the time that the data acquisition program is storing new data to the hard 

disk or to the floppy diskette, (b) th.; pro�ram is aborted by the user or some other reason 

during data writing to the hard disk or to the floppy diskette, (c) there �e or 

a hard disk crash, (d) there is an LE.Fl: ban�-up during data storage, and (e) the o�erator fails

to remove a full floppy diskette from the diskette drive. There are several courses of action 

that may be taken to recover lost data. 

All of the files that are recorded daily (at midnight) to the floppy diskette are also 

stored in large master files on the hard disk drive, with the same file names 401,401, ... , 414 

in the directory C:\DATA directory. Recent (about 1800 lines) backups are also in the .. 

C:\DISPLAY directory, again with the same file names 401,402, ... , 414. The files may be 

simply copied from the data acquisition computer individually by diskette and transferred to 

the data processing computer for patching. Patching is accomplished as described below. 

Two more complicated problems are that (a) there are some lines truncated from 

only some of the 14 raw binary data files (a less serious problem), and (b) the data is 

corrupted somewhere in the interior of the binary data files (a more difficult problem). 

Patching 

The problem is to rebuild the data files starting at the time of the last good data that 

you have saved or processed. This requires the following procedure: 

(I) Determine the time of the last line of good data that has already been saved /
processed. It is convenient to do this only on the first thermistor time in file 401, as
all others must be in the correct order.

(2) Transfer the master data files from the data acquisition computer hard disk to floppy
diskettes, and place the files on the data processing computer
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(3) Convert the large binary master files transferred from the data acquisition computer
hard disk to ASCII format so that they can be inspected manually. Use the program
GET4.PAS to do this (see below). You should name the ASCII files 401ASC,
402ASC, ... , 414ASC so that they do not become confused with the binary files.

(4) Place the transferred master files into your text editor for editing.

(5) In file 401 ASC, note the line number corresponding to the time of the end of the
previously saved good data as described in (I) above. Delete all of the data lines
previous to this line from this large master 401 ASC file.

(6) Locate the same new starting line number in the corresponding 402ASC, 403ASC, ... ,
414ASC files. Delete all of the lines above this just as you did in (4).

(7) Make sure the remainder of the files left from the operation in ( 4) are not corrupted:
delete the occurrences of corruption if necessary .

(8) Make sure that all of the 14 ASCII files now contain the same number of lines. Make
sure· that the time of the first line of each of the 14 ASCII files corresponds to the
same data acquisition point. If they do not, you have made an error in ( 4) - (6)
above. To make sure, the value of the time on the first line in file 402ASC should be
a few seconds later than that in 40 I ASC. The time on the first line in file 403ASC
should be a few seconds later than that in file 402ASC, etc. etc. Finally the time of
the first line of file 414ASC should be a few seconds later than the time on the first
line in file 413ASC, illlQ this last time should be ks.s than the time given on the
� line of file 401ASC.

(9) Save these patched ASCII files back out to hard disk.

(10) Convert these patched ASCII files back into original binary form for subsequent
processing by STRlP.PAS, as described previously.

To convert the transferred binary master files 401,402, ... , 414 to their ASCII form,

use the program GET4.PAS (GET4.EXE). We assume here that the data files and this 

program are in the directory C:\SAMPLE>. At the prompt, enter the commands: 
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4.13 Emergency Raw Binary Data Recovery 

On output, the 14 new ASCII files 401ASC, 402ASC, ... , 414ASC are created. Each 

run may take some time depending on the size of the input files. 

To convert the patched ASCII files 401ASC, 402ASC, ... , 414ASC back to their 

original binary form for processing by STRIP.PAS, you must use the program 

GETBACK4.PAS (GETBACK4.EXE). We assume here that these ASCII data files and this 

program are in the directory C:\SAMPLE>. At the prompt, enter the commands: 

C:\SAMPLE GETBACK4 401ASC 401 � 

C:\SAMPLE GETBACK4 402ASC 402 � 

C:\SAMPLE GETBACK4 403ASC 403 � 

� 

� 

C:\SAMPLE GETBACK4 414ASC 414 � 

Note here that in this program, it is not necessary to use the "greater than" (>) sign 

on the command line. On output, the 14 new binary files 401, 402, ... , 414 are created. 

These will overwrite the 14 original master binary files that previously existed in this 

directory. Again, each run may take some time depending on the size of the input files. 

When patching the files in the text editor, you may encounter blocks of lines that are 

corrupted, i.e. are not readable or do not appear as the other data lines. These lines must be 

removed from each file. It is imperative that if you must remove lines from a given file, that 

you remove the same corresponding lines from all of the 14 ASCII data files before 

reconversion to binary form. This will leave "gaps" in each data file, of course, but the data 

lines will remain in correct time order. 

In case of apparent massive data corruption or data loss, please call ICARUS 

personnel at once. 
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4.14 ICARUS Data Processing Packages Output Files Summary 

STRIP.EXE: Converts the 14 raw data files 401,402,403, ... , 414 to 3 ASCII files CELLI .DAT, CELL2.DAT, and CELLJ.DAT. 
These files contain the following information: 

CELLI.DAT from STRIP.EXE: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

401 401 402 402 402 403 403 403 404 404 404 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature II Temperature II Voltage II Current II 

Short Long 
Thermistor Thermistor 

CELL2.DAT from STRIP.EXE: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

405 405 406 406 406 407 407 407 408 408 408 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature II Temperature " Voltage II Current " 

Short Long 
Thermistor Thermistor 

CELL3.DAT from STRIP.EXE: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

409 409 410 410 410 411 411 411 412 412 412 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature II Temperature II Voltage II Current II 

Short Long 
Thermistor Thermistor 

Row I gives the column number of data app�anng 111 each file. 

Row 2 gives the number of the raw data files 40 I, 402, ... , 414 from which the raw data were extracted for this column. 

Row 3 identifies the data for each column. 

4-60

15 

413 

13ath 
Temperature 

15 

413 

13ath 
Temperature 

15 

413 

Bath 
Temperature 

DATA ANALYSIS 

16 17 18 

414 414 414 

Channel Time I !eater 
II Power 

16 17 18 

414 414 ,, 14 

Channel Time I !cater 
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II 

4.14 ICARUS Data Processing Packages Output Files SummarY. 

After separating the ASCII data files CELL I.DAT, CELL2.DAT, and CELLJ.DAT into the separate experiments and truncating them, the files were 
saved as *.TRC files, i.e. CELLI_0I.TRC, CELLI_02.TRC, CELLI_0J.TRC, CELL2_01.TRC, etc. These truncated *.TRC files also have the same format 

as the *.DAT files. All of these files therefore contain the following information: 

CELLI_0I.TRC, CELLI_02.TRC, CELLI_0J.TRC, CELLI_04.TRC, ... etc.: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

401 401 402 402 402 403 403 403 404 404 404 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature # Temperature # Voltage # Current # 

Short Long 
Thermistor Thermistor 

CELL2_0 I .TRC, CELL2_02.TRC, CELL2_03.TRC, CELL2_04.TRC, ... etc.: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

405 405 406 406 406 407 407 407 408 408 408 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature # Temperature # Voltage # Current # 

Short Long 
Thermistor Thermistor 

CELLJ_0 I .TRC, CELL3_02.TRC, CELL3_03.TRC, CELL3_04.TRC, ... etc.: 

2 3 4 5 6 7 8 9 10 11 12 13 14 

409 409 410 410 410 411 411 411 412 412 412 413 413 

Time Cell Channel Time Cell Channel Time Cell Channel Time Cell Channel Time 
Temperature II Temperature # Voltage II Current II 

Short Long 
Thermistor Thermistor 

Row I gives the column number of data appearing in each file. 

Row 2 gives the number of the raw data files 40 I, 402, ... , 414 from which the raw data were extracted for this column. 

Row 3 identifies the data for each column. 

15 16 17 

413 414 414 

Oath Channel Time 
Temperature # 

15 16 17 

413 414 414 

13ath Channel Time 
Temperature # 

15 16 17 

413 414 414 

13ath Channel Time 
Temperature II 
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11 AV.PAS determines the 11 point average values of the cell temperatures, cell voltages, cell currents, and bath temperatures from the ASCII input files 
CELLI_0 I.DAT, CELL2_0I.DAT, CELL3_0I.DAT, CELLI_02.DAT, CELL2_02.DAT, and CELL3_02.DAT. The program generates the 9 column 
output ASCII files CELLI_0 I.AV, CELL2_0 I.AV, CELL3_0 I.AV CELLI_02.AV, CELL2_02.AV, and CELL3_02.AV. These files contain the following 
information: 

CELLI 01.AV and CELLI 02.AV from I I AV.EXE: 
I 2 3 4 5 6 7 8 

401 401 403 404 414 (Calculated) (Calculated) (Calculated) 

Time Cell Cell Voltage Cell Bath 11 point 11 point 11 point 
Temperature Current Temperature Average Average Average 

Cell Cell Cell 
Temperature Voltage Voltage 

CELL2 01.AV and CELL2 02.AV from I !AV.EXE: 
I 2 3 4 5 6 7 8 

405 405 407 408 414 (Calculated) (Calculated) (Calculated) 

Time Cell Cell Voltage Cell Bath 11 point 11 point 11 point 
Temperature Current Temperature Average Average Average 

Cell Cell Cell 
Temperature Voltage Voltage 

CELL3 0 I AV and CELL3 02.A V from 11 AV .EXE: 

I 2 3 4 5 6 7 8 

409 409 411 412 414 (Calculated) (Calculated) (Calculated) 

Time Cell Cell Voltage Cell Bath 11 point 11 point 11 point 
Temperature Current Temperature Average Average Average 

Cell Cell Cell 
-

Temperature Voltage Voltage 

Row I gives the column number of data appearing in each file. 

Row 2 gives the number of the raw data files 40 I, 402, ... , 414 from which the raw data were extracted for this column. 
Row 3 identifies the data for each column. 
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4.14 ICARUS Data Processing Packages Output Files Summary 

KR I I.PAS calculates the four possible time dependent values of (k 1/) 1 1 using averaged and non-averaged cell temperature and 
potential data for the first two sets of two day responses of each cell from the data files CELLI_0I.AV, CELL2_01.AV, 
CELL3_01.AV CELLI_02.AV, CELL2_02.AV, and CELL3_02.AV generated by I !AV.PAS. The output files CELLI_0I.KI I, 
CELL2_01.KI I, CELL3_01.KI I, CELLI_02.KI I, CELL2_02.KI I, and CELL3_02.KI I contain the following columnar 
information: 

CELLI_0I.KI I, CELL2_01.KI I, CELL3_01.KI I CELLI_02.KI I, CELL2_02.KI I, CELL3_02.KI I from KR I I.EXE 

I 2 3 4 5 6 7 8 9 10 

Time 0cea 10"9f(0) 0cen 10'9f(0) C
P
M•• C

P
M•• Eccll Power Ea:11 

(di:'.0/dt) (di:'.0/dt) input 

Is ,•c / K
4 / °C / K

4 
/W /W /V /W /V 

avg. avg. avg. avg. 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured 

II 

Power 

input 

/W 

avg. 

Row 3 identifies the units of measure of the data in each column. 

12 13 14 15 16 17 18 19 

61-lc,·•1• 10·• Stats. 10·• Stats. 10·• Stats. 10·• 
·(kR'l11 •(kR'l11 ·(kR'l11 ·(kR')11

/W /WK� I WK.
4 

/WK� / WK'
4 

avg. avg. avg. 0cen. 
0cell Eccn avg. Eccll 

Row 4 denotes whether average quantities were used in calculating the values in the columns, and in columns 15, 17, and 19 the 
average quantities actually used. 

20 

Stats. 
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KR 11 CAL.PAS calculates point by point of (kR')11 using non-averaged cell temperature and potential data for all data sets, 
assuming that the heater calibration pulse is always "on". It uses the input files CELLI_0l .DAT, CELL2_01.DAT, 
CELL3_0 I.DAT, CELLI_02.DAT, CELL2_02.DAT, CELL3_02.DAT, CELLI_03.DAT, etc. The output files CELLI_0I. I I Y, 
CELL2_01.11 Y, CELL3_01.11 Y, CELLI_02. I I Y, CELL2_02. I I Y, CELL3_02. I I Y, CELLI_03. I I Y, etc. contain the following 
columnar information: 

CELLI_0I.I IY, CELLI_02.I IY, CELLI_03.I IY, CELLI_04.I IY, etc. from KR! !CAL.EXE 

I 2 J 4 5 6 7 8 9 10 

Time Ocell 10"
9
f(O) Stats. Stats. CPM0 Stats. Ecdl l'owcr Stats. 

(di\0/dt) input 

Is !"C / K
4 

/W /V /W 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured 

II 

Stats. 

Row 3 identifies the units of measure of the data in each column. 
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4.14 ICARUS Data Processing Packages OutQut Files Summary 

KR I INCAL.PAS calculates point by point of (k 1/)11 using non-averaged cell temperature and potential data for all data sets, 
assuming that the heater calibration pulse is always "off'. It uses the input tiles CELL I_ 0 I.DAT, CELL2 _ 0 I.DAT, 
CELL3_01.DAT, CELLI_02.DAT, CELL2_02.DAT, CELL3_02.DAT, CELLI_03.DAT, etc. The output files CELLl_0l.l IN, 
CELL2_01.I IN, CELL3_01.I IN, CELLI_02.1 IN, CELL2_02.I IN, CELL3_02.1 IN, CELLI_03.1 IN, etc. contain the following 
columnar information: 

CELLI_0I.I IN, CELL1_02.l 1N, CELL1_03.I IN, CELL1_04.l 1N, etc. from KRI INCAL.EXE 

I 2 J 4 5 6 7 8 9 10 

Time Ocell 10"
9
f(O) Stats. Stats. C

P
M•• Stats. E«u Power Stats. 

(dt.0/dl) input 

Is ,·c / K
4 

/W /V /W 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured 

II 

Stats. 

Row 3 identifies the units of measure of the data in each column. 

12 13 

i\11, •• p IO.y 

·(kR')11

/W /WK
"" 
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KR22.PAS calculates the point by point values for (kR'b using forward trapezoidal integration, and then by forward Simpson's 
rule integration.. It uses the input data for all truncated sets of data which contain heater calibration pulses, i.e. from the files 
CELLI_03.TRC, CELL2_03.TRC, CELL3_03.TRC, CELLI_04.TRC, etc. The output files CELLI_03.K22, CELL2_03.K22, 
CELL3_03.K22, CELLI_04.K22, etc. contain two sections of data: one for the trapezoidal result followed immediately by the 

section for the Simpson's rule result. The files contain the following columnar information: 

CELLI_03.K22, CELL2_03.K22, CELL3_03.K22 CELLI_04.K22, ..... etc. 

Trapezoidal integration section: 
2 3 4 5 6 7 8 9 

Time 0cdl I0·9r(0) Ec.:11 Power in 6H<v•p 60 6Q I0·9f f(0)dt 

Trapezoid 

Is 1
°

c I K• IV IW IW IK IW I K • s 

Simpson's Rule integration Section 
2 3 4 5 6 7 8 9 

Time 0c.:11 10.9f(0) Ec.:11 Power in 6) )<v•p 60 6Q I0·9fl{0)dt 

Simpson's rule 

Is 1
°

c I K• IV /\V /W /K /W / K 4 s 

Row I gives the column number of data appearing in each file. 

Row 2 gives the quantities measured. 

Row 3 denotes method used for forward integration. 

Row 4 gives the units of measure of the data in each column. 
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10 II 12 13 

f Power;., dt fol 10,.,pdt C
p
M060(0) foQdt 

Trapezoid Trapezoid Trapezoid 

I J I J I J I J

10 II 12 13 

f Power;., dt fol f_.."dt C
p
MoD.0(0) foQdt 

Simpson's rule Simpson's Simpson's 
rule rule 

I J I J I J I J 

14 15 

1 o·Y (kR'hz Statistics 

IW K-1 

14 15 

10·
9 (kR'hz Statistics 
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4.14 ICARUS Data Processing Packages OutP-ut Files Summary 

KR22BPLT.PAS calculates the x- and y- axes necessary for graphical determination of (kR'b from the intercept of the plot, and 
CrM

0 
from the slope of the plot. The program uses backward trapezoidal integration to calculate the integrals. It uses the input 

data for all truncated sets of data which contain heater calibration pulses, i.e. from the files CELL1_03.TRC, CELL2_03.TRC, 

CELL3_03.TRC, CELLI_04.TRC, etc. The output files CELL1_03.22P, CELL2_03.22P, CELL3_03.22P, CELL1_04.22P, etc. 

contain the following columnar information: 

CELLI_03.22P, CELL2_03.22P, CELL3_03.22P CELL1_04.22P, ..... etc. 

I 2 3 4 5 6 7 8 9 

Time 0ccu I0'9f(O) Eccn Power in 6H•••1• 60 t.Q 10·9J1t0)dt 

Is ,·c / K
4 

/V /W /W /K /W / K 
4 

s 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured. 
Row 3 denotes the units of measure of the data in each column. 

10 II 12 13 

f Power;,. dt fol '·••Pdt CpM0t.0(0) foQdt 

I J I J I J I J 

14 15 16 

x-axis y-axis Statistics 

/ K'Js"I /WK"" 
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.Q.rulpter 4 DATA ANALYSIS 

KR22BACK.PAS calculates the point by point values for (kR'b using backwards trapezoidal integration. It uses the input data for 

all truncated sets of data which contain heater calibration pulses, i.e. from the files CELL1_03.TRC, CELL2_03.TRC, 
CELL3_03.TRC, CELL1_04.TRC, etc. The output files CELL1_03.22B, CELL2_03.22B, CELL3_03.22B, CELLI_04.22B, etc. 
contain the following columnar information: 

CELLI_03.22B, CELL2_03.22B, CELL3_03.22B CELLI_04.22B, ..... etc. 

I 2 3 4 5 6 7 8 9 

Time 0c.:11 10·9f(0) E«11 Power in t.l 1 •• ,p t.0 t.Q 10·9Jf(0)<lt 

Is t·c n�• /V /W /W /K /W / K 
4 

s 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured. 
Row 3 denotes the units of measure of the data in each column. 
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4.14 ICARUS Data Processing Packages Output Files Summary 

KRJ I A.PAS calculates the point by point values for (kR')31 using forward trapezoidal integration, and then by forward Simpson's 
rule integration.. It uses the input data for the first two "experiments" (the 2 experiments without heater calibration pulses), i.e. 
from the files CELLI_0I.TRC, CELL2_01.TRC, CELLJ_0I.TRC, CELLI_02.TRC, CELL2_02.TRC, and CELL3_02.TRC. The 
output files CELLI_0I.KJI, CELL2_01.K31, CELL3_01.K3I, CELLI_02.K3I, CELL2_02.K3I, and CELL3_02.K31 contain two 
sections of data: trapezoidal results followed by Simpson's rule results: 

CELL I_0 I .KJ I, CELL2_0 I .K3 I, CELL3_01.K31 CELLI_02.K3 l ,  ..... etc. 

Trapezoidal integration section: 
I 2 3 4 5 6 7 s 9 10 11 

Time 0c.:11 10·9r(0) Ec.:11 Power lil·lcvop 
li0 ,:iQ 10·9 Jx dt JP;,. dt 

inpul,P;0 J l{0)dt = 
X Trap. Trap. Trap. 

Is l"C / K' /V /W /W /K /W I K•s /Ks· / J 

Simpson's Ruic integration section 
I 2 3 4 5 6 7 s 9 10 II 

Time 0ecll 1o·"r(o) E,c11 Power l,.l·lcvop 
li0 ,:iQ 10·9 JX dt fl\, dt 

inpul,l';,, f I{0)dt = 
XSimp. Simp. Simp. 

Is l"C / K. /V /W /W /K /W I K•s / K's /J 

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measu�ed. 
Row 3 denotes method used for forward integration. 
Row 4 gives the units of measure of the data in each column. 

12 13 14 15 16 

fol Imp dt CpM060(0) foQdt 13 / 9 11-12+14 / 
9

Trap. Trap. Trap. Trapezoid 

/ J / J /J /WK. / WK� 

12 13 14 15 16 

fol lc,•ap dt CpM01i0(0) foQdt 13 / 9 11-12+14/ 
9

Simp. Simp. Simp. Simpsons's 

Ruic 
/ J / J / J /WK"' I WK·-

17 18 19 20 

Stats 11-12+13+14 9 / 10 Stats 
/9 Trapezoid 

= (kR0h1
Trapezoid

/WK. I wi-;_·• 

17 18 19 20 

Stats 11-12+13+14 9 I 10 Slats 
/9 Simpson' 

= (kR'h1 
Simpson's Ruic 

/WK. /WK-
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Qhru)ter 4 DATA ANALYSIB 

KRJ I .PAS calculates the point by point values for (kR'h 1 using forward trapezoidal integration, and then by forward Simpson's 

rule integration.. It uses the input data for all truncated sets of data which contain heater calibration pulses, i.e. from the files 

CELLI_0J.TRC, CELL2_03.TRC, CELL3_03.TRC, CELLI_04.TRC, etc. The output files CELLI_0J.KJ I, CELL2_03.K3 I, 
CELL3_03.K3 I, CELLI_04.K3 I, etc. contain two sections of data: trapezoidal results followed by Simpson's rule results: 

CELLI_03.K3 I, CELL2_03.K3 I, CELL3_03.K3 I CELL1_04.K3 I, ..... etc. 

Trapezoidal integration section: 
I 2 3 4 5 6 7 8 9 10 II 

Time O"'u 10·9 1wi Ea:11 Power i'.l·lcvap 
t.0 t.Q 10·9 Jx dt ft';,, dt 

inpul,P,n Jt�0)dt = 
X Trap. Trap. Trap. 

Is l"C / K" /V /W /W /K /W / K"s I K"s• /J 

Simpson's Rule integration section 
I 2 3 4 5 6 7 8 9 10 11 

Time 0,cll 10'9f(0) Ea:11 Power i'.Hcv,p t.0 t.Q 10·9 Jx dt Jt>,,, dt 
inpul,P,n f f(0)dt = 

X Simp. Simp. Simp. 

Is I 'C / K' /V /W /W /K /W / K's /K's" I J 

Row I gives the column number of data appearing in each file. 

Row 2 gives the quantities measuted. 
Row 3 denotes method used for forward integration. 
Row 4 gives the units of measure of the data in each column. 

4-70

12 

fol·lcv"I• dt 

Trap. 

/J 

12 

fot·lc,·,p dt 
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/J /J 

13 14 

CpM0t.0(0) foQdt 

Simp. 

/J / J 

15 16 

13 / 9 11-12+14 / 
9

Trnp. Trapezoid 

/WK·• / WK"' 
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13 / 9 11-12+14 / 
9

Simp. Simpsons's 
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/WK .• I WK·• 

17 18 19 20 

Slats 11-12+13+14 9/10 Slats 
/9 Trapezoid 

= (kR 'l.11 
Trapezoid

/WK- /WK-

17 18 19 20 

Slats 11-12+13+14 9 I 10 Slats 
/9 Simpson' 

= (kR'h1 
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4.14 ICARUS Data Processing Packages Output Files Summary 

KR3 l BPLT.PAS calculates the x- and y- axes necessary for graphical determination of (k 1/)J1 from the intercept of the plot, and 
CpM0 from the slope of the plot. The program uses backward trapezoidal integration to calculate the integrals. It uses the input 
data for all truncated sets of data which contain heater calibration pulses, i.e. from the files CELLI_03.TRC, CELL2_03.TRC, 

CELL3_03.TRC, CELLI_04.TRC, etc. The output files CELLl_03.3 l P, CELL2_03.3 l P, CELL3_03.3 l P, CELLI_04.3 l P, etc. 

contain the following columnar information: 

CELLl _03.3 l P, CELL2_03.3 l P, CELL3_03.3 l P CELLI_04.31 P, ..... etc. 

I 2 3 4 5 6 7 8 9 

Time Deen I o·91"(0) Eccn Power in 61 lc.-op 60 6Q 10·9J1"(0)dr 

Is l"C / K
4

/V /W /W /K /W / K 4 s

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured. 
Row 3 denotes the units of measure of the data in each column. 

IO II 12 13 

J Power;., dr fol l0,.,11dr C
p
M060(0) foQdr 

I J I J I J I J 

14 15 16 

x-axis y-axis Statistics 

/K·\·1 /WK
"" 
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.Qruipter 4 DATA ANALYSIS 

KR3 I BACK.PAS calculates the point by point values for (k1/)31 using backwards trapezoidal integration. It uses the input data for 
all truncated sets of data which contain heater calibration pulses, i.e. from the files CELL1_03.TRC, CELL2_03.TRC, 

CELL3_03.TRC, CELLI_04.TRC, etc. The output files CELLI_0J.31 B, CELL2_03.3 I B, CELL3_03.3 I B, CELLI_04.3 I B, etc. 
contain the following columnar information: 

CELLI_0J.31 B, CELL2_03.3 I B, CELL3_03.3 I B CELLI_04.3 I B, ..... etc. 

I 2 3 4 5 6 7 8 9 

Time 0c.:11 10·9r(0) E"'n Power in 611,.,p 60 ,:',Q 10·9f1t0)dt

/ 5 / °C / K4 
/V /W /W /K /W / K 4 s

Row I gives the column number of data appearing in each file. 
Row 2 gives the quantities measured. 
Row 3 denotes the units of measure of the data in each column. 
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CHAPTER 5 FURTHER DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

5.1 Tfl_e Dewar-type Efectrochemical Cells 
---. 

The Dewar electrochemical calorimeter cell is illustrated in Figure 5-1. 

These Dewars are silvered in their top portions so that heat transfe 

almost exclusively to radiation across the lower, unsilvered art. The reasons for 

the choice of this type of design are outlined below. 

GAS ·•···•·•·· ,: 
OUTLET -� 

WATER "". 
······•·•· BATH .•.• � . 

LEVEL . � 

VACUUM 
JACKET .••• 

RADIATION ••· I� 

THERMISTOR ···· ·· · ·• 

RESISTANCE 
HEATER ···· 

THERMISTOR ··· ·· 

PLATINUM 
ANODE ·•••• 

CATHODE ·••· 

KEL-F 
PLUG 

..: 

,,-- VHE l..e-,l.\.5 h� S.o\�J
:J \tl..S..S \o (Ii�

Figure 5-1. Schematic diagram of the single compartment open vaccum Dewar 

calorimeter cell silvered in the top portion. 

The internal components of the Dewar are mounted in the 9eep Ke)-F plu& 

which seals the cell; the to of the cell is further sealed with Parafilm (not shown 

on the diagram). The Pt spiral anode is supported by a thin Kel-F disk at the base 

of the Dewar. The cathodes (Pd or Pt as the case may be) are mounted centrally 
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5.1 The Dewar-type Electrochemical Cells 

within the anode cage and thes�ades are also loosely supported by the Kel-F 
, ---

disk at the base of th ar. The leads to the anodes and cathodes pr�ing 

into the gas space are covered by g_!ass shields s�led at the bottom to revent 

recombination of D2 and 02 and to reduce sporadic noise in the cell. 

Figure 5-2. Detail of top Kel-F sealing plug for Dewar cells. 

As can be seen, these are "single compartment cells" and the products of 

electro! sis togejher with D2O vapor Yffi! through...tkg.as_o.utlet. For experiments 

at or near the boiling point, a vapor collection system is installed through the top 

of the 4-part compression plug at the top, Figure 5-2. The electro! e is 
tvk 12 .,.,'<. 

replenished through a plugged outlet to make up for losses due to electrolysis and 

evaporation. The electrolyte level is maintained ~ I c below the b;ise of the 

�el-F cap throughout the operation of the cell (except for the last da 's o eration if 

and when the cell is driven to boiling, which is a feature of the ICARUS 2 system). 

This protocol for the experiment was chosen for the following reasons: firstly, to 

permit the "unconstrained" operation of the cells and the �d exploration of the 

effects of changes of tern erature on the rate 0eneration of excess enthal y and, 

secondly, for reasons of safety, principally to minimize the volume of gas in the 

head-space and to allow the cells to boil to dryness before disconnecting from the 

power supplies. 
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CHAPTER 5 FURTHER DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

The cell also contains a resistive heater consisting of metal film resistors 

mounted in a separate tube maintained in the well-stirred liquid space. The design 

of the thermistor assemblies is illustrated in Figure 5-3. These thermistors 

(Thermo-metrics Ultrastable Thermistors, ~IO kn ±0.02% stability per year) have 

been calibrated against NIST calibrated thermometers and are encased in s eci lly 

The measuring circuits are always maintained 

"open" except when acquiring data. 

Figure 5-3. Detail of the construction of the cell and bath thermistor assemblies. 

The design of these cells has been guided by two principal criteria: 
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, 0 ... 0 "3, S W/1( -:::. 51 ltO ,5

1. to give rates of change the cell temperature with the enthalpy input of
about 1 _W 

10 IV i-rr;.; 1 -= 1-( 5 0 :s 11 � s , 4-o .s
2. to givµJJe� relaxation times 1-J l Tb:3 �f'I) � W/K 

C PM (' � /"(�,:;.--5 C M0
� P D O t .., L-f � "T..::.-1 W/K t = ',2 ''3 ~.)600s 

� b 4k/J bath • 

(�'\ The second of these criteria anows the exploration of the dynamic 
performanceof the cells on convenient time scales (<2 days) while making 
m asurements sa every 5 min. The time scale of ~2 days was in tum 

2 

dictated by the probable diffusional relaxation times 't = !_ of D+ within 
4D 

Pd-rod electrodes havin° rad·i 0e 0.5<r<2 mm. ThL.fu_st 
criterion was set down to allow the ex !oration of chancres of current 
density in the range 0.01 < / < 1 A cm- . We note, owever, that relatively 
minor changes in the cell design and experimental protocols allow 
measurements to be made coyering input enthalpies lying in the range 
50µ W < input enthalpy < SOW. �I--� �0 x ,;� '-'I h) � 0 Iv

We also note the further additional properties of the calorimeters: 

3. as the dpminant thermal impedance is the vac_ill!.!Jl, the heat transfer
coefficient governing heat transfer from the electrolyte in the cells to the
surrounding water bath is remarkably stable with time.

4. furthermore, as this thermal impedance across the vacuum gap is much
higher than that of the other impedances (principally of the glass walls of
the Dewar), the heat transfer surfaces are at un'iform temperatures. The
temperature of the inner surface of the outer wall is controlled by that of
the water bath; the temperature of the outer surface of the inner wall is
controlled by that of the electrolyte in the Dewar. Although this varies
with time, the rate of mixing of the cell contents is so high relative toJhe
thermal relaxati�n ti ee below) that the inner heat transfer surface is
maintained at a uniform tern erature at an °iven time; we observe also
that the effects of small changes in temperature across the glass walls
cancel in the overall heat transfer term.

5. a consequence of the restriction of heat transfer to radiation across the
lower unsilvered part is that the he�t transfer coefficients are essentially

,, 

iwendent of time provid_td the level of the water in the thermostat ta.uk
is-maintained near the"'top of the silvered portion and tqe levels of tl2_e
clectrolyte jnsi�he cells are also well within the silvered regioq_s (as
i!'lustrated by Figure A. 1 ); this simplifies the modeling of the cells. We
nevertheless recommend that the water in the thermostat tank be

5-5
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CHAPTER 5 FURTHER DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

maintained at a constant level. Deionized or distilled water should be used 
fur this J2l.l-[PQSe. Furthermore it i� essential to replenish the contents of 
the Dewar- e cells eve two da s ·with D20 or H20 to make up for the 
losses due to electrolysis and evaporation. ""This is essential in order to 
maintain the water equivalents of the cells at a constant value. It will be 
found convenient to use a dentist's mirror to inspect the level of electrolyte 
in the cells from time-to-time; 

6. the mag ·tu of the heat transfer coefficients will be fi to___he_c.lo.se to 
that pr.edicted_from 1be Stefan7Bgjlzmaoo cae�t 5.62 x 10-

12 
w

cm- -4 and the radiant surface areas. This provides a rapid check on the
satisfactory operation of the cells (for the t�1+1pecatures used the.Jnax.imum
i1lEJllision is near,.J.Q.if gla� js nearly opagJ.Je to irui;a....r.e.clrad.iati.on in.tJJis 
r� so that the thermal im edance of the is deter u.1.e_cl by 
cQnductioo aJQJ1e while the surfaces facing the vacuum gap functLon as 
"plack-body radiator,s") . 

The measurements are restricted up to the atmospheric boiling point of 
the recommended electrolytes. It will be found under these conditions that 
the entire contents of the Dewar containing the Pd-D20 system will 
evaporatejn tim.es--OLt:b.e..Qr.deJ:-1-2..how:s (instead of the normal predicted 
loss of -2.01 cm3 er da or a c ren f-0.,-2:.5_.A - equivalent to a 
fa -0.41 cm in th� level 0£..the electro.I.yte in the cell). It might be 
expected that under the conditions of intense evaporation in the cell as the 
temperature approaches the boiling poi�t, the heat transf�_c<?efficient for 
the cell would decrease as the level of e cyte._faJls (see 5 above and 
the discussion of the behavior of cells under these conditions later in the 
appendices. ractice the ma nitude of the 
coeffi ·ent is · ed. The reason is that the high enthalpy content of 
the vapor phase (-1.33 J cm-3 for H20 at the boiling point) e�h
heat transfer to the inner surface of the Dewar so that the heat transfer i:, 
s_till determined by radiation across the lower, unsilvered part. 

5.2 The Water Bath and Stirrer-temperature Control Units 

The water bath supplied is made out of I cm thick Perspex (I:'Jezjglass) 

sheeting in an aluminum sheet case with 2.,_cm of polyJ!Yrene foap:i between ,the 

eplystyreoe aod aluminum sheetin,g. A window 'is cut in the aluminum and 

p� th�-; can be viewed directlr
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5.1 The Dewar-type Electrochemical Cells 

Th� water bath is cooled using a Techne Cooler Unit and t�re 

control · tained b a Techne TE 8A Tempette temperature-stirrer caotrol

unit. The surface of the water in the thermostat is cov_ered by a blanket of Iastic

balls to reduce eva orati n. 

Another thermistor (also in a thin glass casing) is provided to monitor the 

bath temperature. Th�temperature of the water bath should be set close to that of 

t� (the roo.Jl)JempertltJJCe should also be controlled to ±0.5°C). It will be 
< . , 

found that the temperature of the water bath can be controlled to within 0.003°C 
. 

' 

�cally and to within 0.01 °C throu hout the bath.

5.3 The Galvanostats 

This first version of the instrumentation is supplied with 3 galvanostats 

which are HiTek DT 2101 potentiostats wired as galvanostats . The circuit in the 

feedback loop has been chosen so as to eliminate any possibility of oscillations; 

the A.C. ripple current. should be below 0.04% of the D.C. current. 

The D.C. currents are set using two potentiometers housed m the 

instrument. The voltages applied to the feedback system can be read to within 

±0.001 V within the range of the potentiometers, ±4 V. The precision of this 

reading therefore depends on the voltage applied and can reach 0.025%. The 

voltage on the potentiometers can be set to better than 0.001 V but \ve do not 

recommend that this precision be increased above that of the instrument's own 

voltmeter as the current set by the galvanostat is in any event controlled by the 

resistance of the resistor in the feedback loop. 

The currents supplied by the galvanostats can be read approximately by 

the instrument's own ammeter. T
,J-¥-

..,._.,�=..::.:..:==:::.....:�:........::::.=---=.:..:.::-=-:::::.::..::.....::.:.....=.:: :C 

currents between 0.2 and 0.6 A so that the highest range of the ammeter will 0-.-')___ ¼, O-,{, A
always be used. On this range the currents can be read to_ ±0.001 A i.e. to a
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CHAPTER 5 FURTHER DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

precision of between 0.1 and 0.5% of the set current. Such a precision may be 

sufficient for these experiments but the actual currents are more precisely read and 

stored by the data acquisition system. 

It is shown in the Appendices that the thermal balances of the calorimeters 

f>�s i"lf'Y\ can be made to a pre�ision of better than O.OJ¾ and an accura�y of better th�n

� ,0.1 %; For high precision and accuracy the currents are measured through a

/ precision resistor in series with the feedback circuit by measuring the voltage 

across this precision resistor with the independent system digital voltmeter. 

Although the instrument's own current meter can be trimmed so that the output 

voltage is correct to within 0.01 % of the value indicated, we cannot guarantee that 

this level of accuracy will be maintained. 

We also recommend that bo.!,_h of the potentiometers on the instrument be 

set to give the same cell current. Switching between the two circuits is achieved 
I 

by a trigger which is either generated internally or can be supplied externally. 

Because of this, large electrical disturbances can switch the circuitry so that it is 

advisable to avoid any inadvertent changes in the cell current on this account. We 

envisage that any changes of current during the course of the experiment will be 

carried out manually by resetting the voltages applied to the feedback circuit. If 

this is done, then the second current can be set in the way described above (the 

polarization of the cells must not be interrupted); alternatively, this second current 

can be read at the end of the experiments. 

The attainment of the boiling point in ICARUS 2 is esP.ecjal]y likely for 
.. 

t� Pd-D;iO system because the boiling point wilJ be reached automatically if the 

level of the excess enthalpy generation becomes sufficiently high; we note that this 

phenomenon is only partly under the control of the experimenters and certainly 

only partially understood at the present time. Our protocol for the attainment of 

the generation of high rates of excess enthalpy production is based on the 

hypothesis that the dissolution of D+ in Pd will become e�thermif if .!b_e 

electrodes are charged to high D/Pd ratios at low to intermediate current densities 

5-8



5.3 The Galvanostats 

(I < 250 mA cm-2) and low to intermediate cell temperatures (0cell < 55°C).

Raising of the current densi at that sta e ( coupled to the raising of the cell 

temperature) creates the condjtions for high rates of excess enthalpy generation. -,- ) 5 S "<-. 
Hib� � ¼l�-

If these cells are driven to the boiling point, then the large fraction of foo: \�:::'.'::')
,c:; ..... 

vapor in the gap between the electrodes (principally D2O vapor) coupled to film 

formation on the electrodes, raises the cell voltage to the rail voltage of the 

g��t. We recommend that olarization be continued if an of the cells 

r�o.i. e cell has boiled d . Systematic exploration of the 

behavior in the region of the boiling point requires modifications of the system 

which will be supplied in later updates of the hardware and software. 

The reason for our recommendation is that the rates of excess enthalpy 

generation are so high that nucleate boiling at the electrode surfaces cannot be 

maintained if the cell current is interrupted (electrolytic gas evolution extends the 

nucleate boiling regime to well above I kW cm·\ Th conse uences of a 

transition to film boiling cannot be foreseen at this stage. 

If any of the Pd-D2O systems to be investigated in ICARUS 2 reach such 

until the cell has cooled to the bath tern erature. It will be found that "blank 

experiments" (Pd in H2O, Pt in D2O or H2O) have cooling curves which show no 

arrest whereas t e Pd-D O s stems can remain at hi0h temperatures for erolonged 

periods. 1 
' H � +- A�� � I--'\ ' '

·-

It will be appreciated that it is not advisable to connect several cells in 

series with a single galvanostat if systematic work is carried out under the extreme 

conditions of boiling. We recommend that for such experiments the ceIIs shQ.uld 

be driven by lILdividual galvanosta� with a minimum rail volta
9

e of+ I 00 V. 

The cells supplied in this version of the instrumentation are calibrated by 

connecting the resistor chains of the three cells in series and by supplying a 

constant current from a separate galvanostat. The 12 hour calibration periods are 

5-9
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CHAPTER 5 FURTHER DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

imposed at stated times every two days and this operation is controlled by the 

computer of the data acquisition system . 

The cells should be replenished with D20 (or H20 as the case may be) 12 

hours before the time at which the current to the resistor chains is switched on. 

The 12 hour calibration pulse is followed by a 24 hour period without further 

calibration i.e. each calibration cycle takes 48 hours. Calibration is continued 

throughout the experiment duration, beginning on the 4th day. 

5.4 The Voltage Scanning Unit 

Data acquisition from the three cells supplied (and from the thermistor in 

the thermostat tank) is accomplished with a Hewlett Packard 3245 Data 

Acquisition System controlled by the computer. This instrument initiates a data 

acquisition scan of the data channels. The thermistor resistances in each cell are 

read followed by the cell voltages, the cell currents and heater powers. Finally the 

bath temperature is read. 

5.5 Computer System 

The computer system consists of a Valley 486 DX2 66 MHz P.C. 

containing a MAXTOR 502 Mbyte hard disk drive and standard 1.44 MB high 

density 3 ½" floppy disk drive. The function of this computer is to handle the data 

acquisition system and to control the instrumentation via a National Ipstruments 

PC II IEEE 488.2 Interface, which is also installed in the computer. 

Daily files transferred to floppy diskettes should be further backed up 

using the separate data processing computer which can then also be used for the 

further data processing, output of hard copy (where desired), graphical displays 

etc. 
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A. Appendix

A.1 Model of the ICARUS 2 Calorimeter Cell and

Methods of Data Analysis 

The model which we apply to the Dewar cell calorimeters used in the 

ICARUS 2 system is described to a close approximation by the differential 

equation: 

C Mo[l- (1 + � )Jt](dt::,.8)- C Mo (1 + � )Jt::,.8(t) =
P,Dp,e 2FMo. dt 

P,Dp,e 2FMo 
rate of change in the enthalpy content of the calorimeter 

rate of enthalpy input 
due to electrolysis 

rate of excess 
enthalpy generation 

rate of enthalpy input by the calibration system 

_!_ {[o.scp D + o.2scp D + o.1s(_P_(t_) -Jc
p D O g]1::,.e(t) + o.1s(_P_(t_) -Jr

D 0} F , i , i 
p * - P(t) , i , 

p * - P( t) i 

where: 

rate of enthalpy removal by the gas stream . Mo-l ®� 
{ 

4 } C,�w-,r, l�c-kJ _J -koSJ [1_(1+11,)Jt] [(8bath +!::,.8(t)) +4cD!::,.S(t)]R bath 2FMO SJ bath
f'.. + F..

rate of heat transfer from the calorimeter 
c... �

time dependent heat 
transfer coefficient 

effect of 
radiation 

effect of 
conduction 

(A.1) 
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C is the heat capacitance of liquid D2O [J(g Mole)" 1 K 1 ]
P,Dp,e 

Ecen (t) is the measured cell voltage at time t [V] 

Erhermoneurral, bath is the cell voltage at which the electrolysis of D2O [V] 
neither generates heat nor absorbs heat from the 
surroundings 

F is the Faraday [coulombs (g Mole)"1]

H(t-tJ 

H(t-t:J 

I 

p 

P* 

Q/t) 

A-2

= 0 fort< t1 is a H�viside unity shift function (? ) 
= 1 for ! > t / � � <TY) 

= 0 fort < t2 is a �aviside unity shift functiifn { ·i)
= 1 fort> t2 

' 

is the cell current [A] 

is the radiative heat transfer coefficient from the [W K"4]

cell to the surroundings 

is the latent heat of evaporation of D2O [J (g mole)"1]

is the heavy water equivalent expressed as the [Moles] 
number of Moles ofD2O of the calorimeter at time 
t = 0 (normally chosen to coincide with the 
refilling of the cell to make up for D2O losses due 
to electrolysis and evaporation) 

is the YaP.,Or pressure of D2O at the cell temperat�re [bar] 

is the atmospheric pressure tv11-�f b
"T ' [bar] 

e,� �/¼-""",OS 

is the rate of generation of excess enthalpy in the 
cell ( �; 

is the rate of injection of Joule heat into the 
calibrating resistor 

is the temperature of the water bath --i::io

is the difference in temperature between the cell 
and the water bath T-- T, 

[W] 

[W] 

[K] 

[K]



A,1 Model of the I CAR US 2 Calorimeter Cell and Methods of Data Analysis 

The "black box" representation of the calorimeter, from which this 

equation is derived, is shown in Figure A. I. 

(E cell(i) -
-;Ethermoneutrol,cell) I -

T 

-11( d:,,J 
cP.D20,l _Mo - ( 1 +(3) 2F_dt Rodiotion 

- end 

�-· "( 1-c) \:I\' CT - ¼,. 

ENTHALPY INPUT! 
; TO THE CELL i 

I'! -( 1 + /3) 2F Cp D O l t.tJ Conduction 
1
1 HEAT LOSS i 

FROM 
! f �! THE CEcL' -

(Ecell(t) -

T 
! EXCESS ENTHALPY! Of 

'CALIBRATION:\ +:,O H(t-t 1) 
j PULSE V 

-t.O H(t-t2 ) 

E lhermoneulrol,bolh) I -

T 
Or 

+t.OH(t-t1) 
-t.O H(t-t

2
) 

Fk.

' 2 • 

PC4ti4..-- t � "\ 

t T 
-IJ! P� , 
"J- ,0.5+0.75-.-, C p D O l t.tJ dt 

F L P -P J • 2 • 
0 

T 

Ro diction 
- end 

: ENTHALPY 
; OF 
; MAKE-UP 
l STREAM 

Conduction 

t T 
J..Jfo.s+o.75 -!---] cP O O 1 ;lu· dt F L P -P • 2 • 

Figure A-1. The "black box" model of the ICARUS 2 Dewar cell calorimeter 

showing the heat flows into and out of, and the heat content of the 
calorimeter. 

For the ICARUS 2 system, we can justify making the following 

assumptions and reductions: 
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( 1) At the time of liquid addition to the cell,

(2) In the term

�e = �eco) , 1 = o 

!!_[(1 + p) It �0(t)]
dt 2FM0 

(A.2) 

(A.3) 

( d!e) is onlx appreciable at the times clos,e to the addition of liquid to
the cells, i.e. w!ien the current is first applied at the start of the experiment, and shoi;tly after the application or termi�ation of the heater calibration Qulse, i.e. when 

and we can assume � = 0.

(3) We can combine

with 

A-4 

cP,Dp,eM° cI+ P)I �0(t) 
2FM0

(A.4) 
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A.1 Model of the I CAR US 2 Calorimeter Cell and Methods of Data Analysis

to correct Ethermoneutral cell to Emermoneutral bath 
. . 

. 

(4) Due to the silvering in the top of the cell, we further assume that

(5) We use the notation

(1 + "A.t) It ::::: O
2FM0

-

o.751 
[ P(t) ][cc - C )Li8(t) + L ]- Ml (t) 

F p * _ P( t) 
P,DzO,g P,DzO,l DzO - evap 

(A.6) 

(A.7) 

(A.8) 

(6) For our purposes here, we assume that the contribution to the heat transfer
due to conduction is small compared to radiation, and that the change in
the heat transfer coefficient with time is also small.

With these assumptions, we can write down a working model as:

F-; 1 f w � �--J-� '"'-- -S :
--

�,

(f'� �� � �-) 
A-5
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For a higher degree of approximation, to address small observed drifts in the heat 

tran_§fer coefficient, we can replace kR ' by kR '(I-at). This has been considered, but 

is not relevant to the present analyses. 

A.2 Description of the Analyses

The use of the packages K.Rl l.PAS, K.Rl !CAL.PAS, and 

K.Rl lNCAL.PAS generates tables which contain values of the heat transfer 

coefficient (kR)
11

• The package KRI I.PAS is used for determining unaveraged 

and average point by point values for ( kR )
11 

for the first two "experiments" for 

each cell, i.e., the first 4 days after current is applied to the cells. These are the 

experiments which contain no heater calibration cycles. The program gives values 

for (kRt using 

the raw cell temperature and cell voltage; 

the raw cell temperature and the I I-point averaged cell voltage; 

the 1_1- oint averaged cell temperature and the raw cell voltage, and 

finally; 

the I I-point averaged cell temperature and the 11-point averaged cell 

voltage. 

This latter value is denoted as ( kR t (see equation (A.11) below). The 

input files for this program are the files with a *.AV extension; the output files 

contain a * .Kl 1 extension. 

The package KRl !CAL.PAS and KR! lNCAL.PAS generate values for 

(kRt for all data sets and use un-averaged input data files, i.e. all those files with 

A-6
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a *.DAT extension. The output files ( containing point by point values of ( kR t ) 

have a *.I lY and *.1 lN extension (for KRl I CAL.PAS and KRl lNCAL.PAS, 

respectively). KRl 1 CAL.PAS scans the input data files and determines an 

average value for the heater calibration power. It then assumes that the calibration 

power is applied for the entire duration of the experiment. The package 

KRl lNCAL.PAS produces a comparative set of point by point values of (kRt. 

The difference is that the program never includes the heater calibration power in 

the calculation. 

The differences in the time response of the values of (kR)
11 

determined in 

this way for both "blank" cells and Pd-D2O cells generating any excess enthalpy 

are marked. 

The _determination of the true value of the heat transfer coefficient must 

be made b ! ds described in the followin° sections. The schematic 

representation of the procedure (using equation (A.12)) is shown in Figures A.2 

and A.3. 

A more precise and accurate value for (kR)
1 1 is afforded by using the

packages KR3 l .PAS, KR3 l BACK.PAS, and KR3 l BPL T.PAS. The newly 

derived heat transfer coefficient is determined by three methods, one in each 

program. These methods involve the use of the integrals of the experimental data 

and known parameters and physical constants. KR3 l BACK.PAS, and 

KR3 l BPL T.PAS use the technique of integrating the data in the negative time 

direction, while KR3 l .PAS makes use of integration in the forward time direction. 

The latter package makes use of linear regression, since using the integration 

technique gives rise to a linear equation from which (kR)
31 

and c;v/ can be 

determined. Typically, values of c;v/ determined from KR3 l BPL T.PAS (a linear 

regression treatment) can be used as an accurate value for use in all of the other 
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packages for higher accuracy values, i.e. for determining (kR)u, (kR)u, and

(kR)
22

, as well as (kR)
31 

in the KR31.PAS and KR31BACK.PAS packages. The

KR31BPLT.PAS produces the abscissae and ordinates necessary to construct a 

linear plot. (kR)
31 

is given at the zero intercept, while cJvf is given by the slope

of the plot. 

tz 

�).,co]

It''",·',
)

\ 
/ 

(M�t) -----(.c'>v,,t2)-__:....___:=---------,

';(__o i 

/ 
(Ecell' l)---.,,..

;�
-[Ecell(..1v,) ,tz)-t---::�-----------1 

/ 
i, [Ecell(�vz),!2) 

(..1v,t=O) 

TIME / s 

Figure A-2. Schematic of the method used for the calculation of (kR°)2• 

The analogous higher precision - higher accuracy true (kR 12 value is 

determined by similar integration methods in the packages KR22.PAS, 

KR22BACK.PAS, and KR22BPL T.PAS. These programs are similar in 

construction to the corresponding (kR)
31 

packages described above.
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Figure A-3. Experimental determination of the values to be used for the 
determination of (kR°h-

Details of the formulation for each of these heat transfer coefficients are 

given in the following section. 
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A.3 The Determination of (kR'J11

NV� � The first heat transfer coefficients that we will use are the denoted (kRt 

!=7 tJ H -rs!:
= _ 

and ( kR )
11 

, which ass�me that there is no contribution to the enthalpy input due to 

e�ess enthalpy genetatio� (� We write 

(A. 10) 

and 

(A.11) 

The expression for ( kR \ 
1 

uses the actual experimental values for the terms at 

each d.Jlli! 12Qin1, whereas the expression for ( kR )
11 

uses the 11-point averages of 

Ecen, Affe..-ap, and L\0 at each point, which in tum gives the average value of (kR)
11

at each point. The use of the heater calibration pulse LiQH(t-t1) - L\QH(t-t;) in 

this equation is described in the previous section. 
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A value of the true heat transfer coefficient, (k
8

'h,? can be most easily

obtained by superimposing the calibration pulse !),,.QH(t-t 1 ) - !),,.QH(t-t 2) and by

making a thermal balance at a single point such as (1),,.82,12 ) in Figure A.2. (See 

Figure A.3 for an actual example.) We obtain 

(A.12) 

A.5 The Determination of (kR'J31

We now come to methods of determining more precise and accurate 

methods of determining k/. Using the in� rals of the experimental quantities, we 

can obtain expressions useful for deriving kR' and cpA-1 by non-linear regression.

As an analog to (kR)u (i.e. where Q
1

= 0, we can start with 
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(A.13) 

If we integrate A. I 3 beginning at some starting time t = 0 to t = t, we 

obtain 

f
1 31 

[ 
P(-r:) ][(c C )D.8 L ] dr: 

-Jo4F P*-P(-r:) 
P,Dpg- P,Dp,t + D20 

(A.14) 

If we choose to use the starting time at the beginning of the onset of 

current to the cell, or during experiments where there are no heater calibration 

cycles ("experiments" I and 2, see program KR3 l A.PAS) for each cell, then D.Q = 

0 and this term is ignored in equation A. I 4. If we set the time origin t = 0 to the 

beginning of a heater calibration pulse ("experiments" 3 and following, see 

A-:-12 
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KR3 l .PAS), then the tiQ term is retained. Under this latter set of experiments, we 

can rewrite equation A.14 to 

and further to 

E[Enthalpy input (-c )]dt + bQt 

-E [tJ!evap(-c )]dt -cP,D
2
0,eM

0 [ b8(t)- 68(0)] 
JJ ( 8 bath + 68( t) t -8iarh] dt

{t[Enthalpy input(-c)]dt - JJtJ[evap(-c)]dt}

JJ(ebath +b8(-c))
4

-Star11]dt

(A.15) 

( ) CPD oeM0[b8(t)-b8(0)]
k' + , i , 

f"o � R 31 t[(ebath +b8(-c))
4

-8iarh]dt
� r� /1-t<,fvra-. <:> •---=> -1:

'foZJY � ( A-1-t,,) (A.16) 

( W�� �rs Wl'¼ik--. � -'S� f� � 

A.6 Determination of (kR')22

For the comparable evaluation of the true heat transfer coefficient, ( kR)
2

we can combine equation (A.9) with a thermal balance made just before the 

ap lication of the heater calibration ulse. In this time region, the term 

C
p DO (M

o(dbS) becomes negligibly small; we can also take averages of
' 

2 
' dt 

�� 'be--c:..K� 
t--� 0

C�V1e. �cJ.c,) 
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Eceu(t) and b.8(t) to reduce the residual random fluctuations. We denote these 

averages by Eceu(O) and b.8(0). We then require the integrals of these constant 

terms over the interval Oto t, i.e. of the terms in 

Q = [ Ecel/(0)-E,hermoneutral,bath] ft+ Qf 
(O)t 

31 [ P(O) ][(c C )6.0(0) L ] - 4F p * -P(O) P,D2O,g - P,D2O,e + DzO 1

(A.17) 

Provided Qft) is constant and equal to Q/OJ, we can subtract equation 

(A.17) from the integral of equation (A.9) and obtain 

{J� [Enthalpy input(-t)] dt + 6.Qt -f Jllievai,:)] dt} 
-[Enthalpy input(O)]t -[ Affevap(O)]t 

=(kR) + 
cP,D20,e M

0[6.0(t)-6.0(0)] 
I 

22 

JJ(ebath+68(1:))
4

-e:a,h]m -[(ebath+60(0))
4
-e:a,h]t 

(A.18) 

Equations (A.15) - (A.18) are based on the integration of all the terms in 

the direction of increasing time. However, this particular procedure places undue 

emphasis on inaccurate values of the integrals at short times and biases the fining 
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procedure. It will therefore frequently be better to integrate all the terms in the 

reverse direction, i.e. from high to low time. We obtain in place of equation (A.16) 

{{[Enthalpy input (1:)]ch - J)Mievap
(-c)]dt} 

t [(8 bath+ 68(1: ))4 -81arh ]ch

and, in place of equation (A.18) 

{J1 [Enthalpy input(-c )] ch + b.Q(t - f2)- f [ Afieva/1:)] ch} 
½ ½ 

-[Enthalpy input(O) ](t - t2 
)-[ Afi

e
vap(O)] (t - f 2 )

(A.19) 

(A.20) 
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B. Appendix

B. 1 Example of Data Analysis for Cell Driven to Boiling

In this Appendix, we consider the analysis of a celj driven to boili12£. 

Table B. 1 A gives the raw data of the cell temperature and cell potential as a 

function of time for the last day of operation ( columns 2, 3 and 1) and Figure B.1 

gives a plot of the cell temperature versus time. Visual observation of the cell 

showed that the cell boiled dry at a time close to that of the last data point, 

1,647,471s. The interpretation of the raw data for this last period (the last 14.09 

hrs of polarization) continues to rely on equation A.9 derived from equation (A.1) 

and we make two observations. In the first place we note that we continue to use 

the tenn 

C M0(d!10)
P,Dp,c df 

(B.1) 

to represent the rate of change of the enthalpy content of the calorimeter although 

it would appear at first sight that we should allow for the loss of D20 by both 

e!ectrolysis and evaporation/boili�. If we should wish to do this then 'we cannot 

use the tenn CA-+- h,�'"' Ce-l/ T) 

(B.2) 
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(see equation (A. 1 )) because 13 is now markedly time-dependent due to the 

changes of the rate of evaporation with increase of the cell temperature (e.g. see 

columns 12 and 15 of Table B.lA). It is then more straightforward to use the term 

C Mo _ _!_
2P*+P dt 

d!:::.0[ I ] P,D,O,I 4F I ( P*-P) dt 

(B.3) 

which contains no arbitrary parameters. We note, however, that the rates of 

change of the enthalpy content (column 8 of Table B. lA) are only appreciable in 

the time region in which the change in M0 is still quite small ( column 11, 14 or 17 

of Table B. 1 A), say, = 1 % at = 1,622,101 s. Large changes in the water equivalent 

only take place close to the boiling point where the term (B. l) is negligibly small 

compared to the rate of evaporative cooling (columns 12 and 15 of Table B.lA) 

even if the original value of M0 is used to estimate (B. l ). It follows, therefore, 

that we can continue to use (B. l) to estimate the rates of change of the enthalpy 

content of the calorimeter even as the cell boils dry. 

The second observation is that we continue to use the term 

3/ [ P(t) ]
L 

4F P*-P(t) DP

(B.4) 

to estimate the rates of evaporative cooling as we approach the boiling point with 

�(t) being given by the Clausius-Clapeyron equation, the boiling point being that 

of pure D20. Here we must make a number of subsidiary observations about

factors which affect the validity of (B.4 ): 
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8.1 Example of Data Analysis for Cell Driven to Boiling 
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Figure 8-1. The cell response for a cell which boils while generating excess 
enthalpy. 

-

(i) the �oiling point will rise as the electrolyte becomes more concentrated;

(ii) the ressure in the eel · �mewhat higher than the atmospheric
pressure P* due to restri · the flciw of 0as/va or · e vent at the
top of the cell; (although in the ICARUS 2 cells with the large
condensation tube attached, this may be negligible).

(iii) the concept of "boiling" in the presence of electrolysis itself (due to
formation and pressure of gas) requires re-examination.

The most serious problem is (iii) ((i) could easily be allowed for and the

pressure in the cell could be directly measured) becau�e the vapor pceS)IJte,,,can 

nfver reach P* due to the presence of the cogenerated D2 and�2: in effect the 

boiling point becomes a function of the rate of boiling. 
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APPENDIX 8 

For the present we regard (B.4) to be operationally valid provided we 

adjust P* to give a reasonable account of the experimentally observed changes in 

the D20 contents of the cells. The rates of evaporative cooling are insensitive to 
-- � ""> 

the exact values of P* at temperatures up to 95�C (compare columns 12 and 15 of 

Table B. IA) when viewed in the context that these rates are still less than 10% of 

the heat losses due to radiation (column 6 of Table B. IA). Indeed, a marked 

sepsj_tivity of the rates of evaporative cooling to P* is only seen at temperat!J�es 

a.sov@=28':.C� 

In developing the detailed analysis set out in Tables B. l A and B. 1 B, we 

extend the evaluations made thus far. In the first place we have used the value 

Cp DiO 1M0 
= S00JK·

1

• We believe that the value 5.Q0JK-1 is closer to the usually
� 

observed water e uivalent of these calorimeters. We have use 

heat transfer coefficient of Q 9 x 1 o-9wK·4 and we have used this particular value 
. 

�-

to make one of the estimates of (Q
1 
h given in columns 21 and 27 of Table B. l B 

for further comments on these estimates as well as those in columns 22, 23, 28 and 

29 of Table B. l B (see below). We have also used the maximum value of the 
r-�·;;:,c,l".":� lower bound heat transfer coefficient (k�')' 11 = 0.867 x 1 o-9 WK·4 det�ined 

Ltso:::./Y(_ -r;�'L,Ut-.f '"! 
durin the first day of the polarization of the cell to calculate the lower bound rates 

of excess enthalpy generation, (Qr)'11, shown in columns 22 and 28 of Table B.IB. 

Furthermore, we have used the value of the lower bound heat transfer coefficient 

(kR')'' 11 = 0.82 x 1 o·9WK-4 based on the assumption that (Qr)" 11 = 0 at the start of 

the last day of polarization to determine (Qr)" 11 shown in columns 23 and 29 of 

Table B.1 B. As we will show below, we can reach important conclusions from the 

comparison of the valu€s of (Qr)I1 in columns 22-24 and 27-30. The differences 

between these two sets of columns are. due to differences in the estimates of the 

rates of evaporative cooling which we discuss below. 

In developing the evaluation we have shown an intermediate step in the 

calculation, the determination of the net change in the enthalpy 
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B.1 Example of Data Analysis for Cell Driven to Boiling

cumulative enthalpy 

input 

Column 5 

cumulative radiative 

output 

Column 7

net change in 

enthalpy 

Column JO 

enthalpy 

content 

Column 9 

(B.5) 

i.e. based on the assumption that there is zero heat loss due to evaporation. In

making this calculation, we have used the true value of the heat transfer coefficient 

to determine the values in columns 6 and 7 of Table B. IA. We see that even with 

the neglect of evaporative cooling �e arrive at the impossible conclusion that the 

cumulative enthalpy change is negative for the first 7.68 h,_rs of the last day of 

golarizati,on. Column 11 of Table B. l A expresses this impossible result in a 

different way: we would need to accumulate up to 2ml of D20 in the cell to 

account for such negative enthalpies. 

Column IO of Table B. l A also leads to a further important result: we see 

that the net change in the enthalpy over the total period of polarization is 70.46kJ 
. ' 

and this is the total enthalpy available to drive the evaporation process. We see 

that, if we deny the existence of excess enthalpy generation, we can explain at
� -

most the evaporation of 1.6908 Moles of D20. However, over the course of these

last 14.09 hrs of operation of the cell, a total of ,4. 73 71 Moles of D20 were

evaporated (of the initial 5 Moles of D20, 0.2629 Moles were removed by
·--- . � 

electrolysis). This means that the eva.BSfftion of 3.0463 Moles of D20 cannot b.e,

accounted for if we deny the existence of excess enthalpy generation. The 
3 c::=:==-z 
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APPENDIX 8 

evaporation of this additional amount of D20 requires an enthalpy input of ::127�. 

This translates to a specific enthalpy output from the electrode of = 3.2MJ 

equivalent to a generation of 28.6MJ (mole Pd)-1. Such values are uite outside the 

ranoe of chemical processes. 

We further note that, if we had based our calculation on the unrealistically 

low value of (kR')'' 11 = 0.82 x 1 o-9WK.·4 (assuming that there is zero excess 

enthalpy generation at the start of this last period of polarization), we would 

nevertheless have to account for a deficit of 1.9534 Moles of D20 in the 
, ' 

evaporation of the D20.
) 

Introduction of the low value of (kR')" 11 into the calculation also allows 

us to derive further simple illustrations which illustrate excess enthalpy 

generation. We have already commented on the fact that the observation of 

negative values of (Qr)" 11 shown in column 23 of Table B. l B leads to such an 

illustration. Even if we were to ignore this, we see that we nevertheless observe 

positive values of (Qr)" 11 during the middle time range for this last period of the 

experiment (1,618,896 < t < l ,632,078s for the values shown in column 23 of 

Table B. l B). This is quite apart from our need to account for the evaporation of 

1.9534 Moles of D20 over the whole span of this last stage of the experiment. 

At the next level of the interpretation we must seek to account for the 

removal of the 3.0463 Moles of D20. The simplest (but unrealistic) �ssumption 

which we can make is th�t this amount of D20 is removed at a uniform rate during

the last 14.09 hrs of this experiment. We arrive at a require in ut of 1.389W over 
' 

. ...., 

thi� time span giving a specific rate of excess enthalpy generation of 55.3Wcm·3. 

However, such an interpretation is clearly impossible because the initial rates of 

evaporative cooling are much lower, of the order 0.22W quite irrespective of what 

particular assumptions we might choose to make to calculate these rates (e.g. see 

columns 12 and 15 of Table B.lA). We note that the expression (B.4) will 

certainly be valid for this region of time. 
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8.1 Example of Data Analysis for Cell Driven to Boiling 

We need, therefore, to i:µake more complete estimates of the rates of 

evaporative cooling and the cumulative evaporative cooling such as those m 

columns 12, 13, 15 and 16 of Table B.lA. The cumulative evaporative cooling in 

turn gives us the changes in the D2O contents of the Dewar cell, columns 14 and 

17 of Table B. l A. In contrast to the behavior at lower temperatures, the behavior 

as we approach the boiling point is strongly dependent on the validity (or 

otherwise) of expressions such as (B.4). As we have already noted above, we have 

adjusted the results given by this expression by regarding P* as a free parameter. 

The most straightforward way of better estimating this parameter is to constrain 

the calculation to give a chosen amount of evaporation at the p�iUl, at which the 

cell boils dry or, else, a chosen amount of evaporation at a given time of 

electrolysis, say when the cell is half-full. Table B. lA illustrates two such 
r 

, 

calculations. If we deny that the cell can ever reach "boiling", i.e. that all losses of 

D2O are due to saturation of the gas streams at the given temperatures, expression

(B.4 ), then a choice of P* = 0 ts will give us the behavior shown in columns 

15-17 of Table B. l A. The total amount of D2O evaporated at the termination of

electrolysis is close to that required. All the int�rations illustrated in Tables B. lA 

and B. l B have been carried out using the area estimate 

(B.6) 

For the particular example of the total evaporation of D2O this gives us the 

value 4.6719 Moles shown in column 17 of Table B. l A. Use of the expression 

(B.7) 

would give the total evaporation as 4. 7978 Moles. Use of the trapezoid or of 

Simpson's Rule would therefore give us a value lying between these two extrema 
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(the actual amount evaporated is 4.7371 Moles). We believe that the inherent 

inaccuracies of the experiment do not justify the use of more elaborate integration 

procedures. 

Such a "smooth evaporation" gives us the values of the lower bound heat 

transfer coefficient, (kR')11, shown in column 26 of Table B.lB. We observe that 

a markedly falling (kR')11 (which, indeed, becomes negative some 20 minutes 

before the termination of electrolysis) is a sure indication of excess enthalpy 

generation. Column 27 of Table B. 1 B gives us the estimate of (Qrh and we note 

that the specific rate of excess enthalpy generation must reach �7Wcm·3 to give 

us complete evaporation over this time span. 

The calculation illustrated in columns 15-1 7 of Table B. 1 A is 

unsatisfactory, however, in several important respects. In the first place the 

b�rometric ressure was 0.966 Ats durin this particular da 

hardly possible for the pressure to have been so markedly lower than the 

barometric pressure, even taking into account that that P* is adjustable to allow for 

inaccuracies in the modelling. Secondly, we note that the calculation requires that 

the cell should have been half-full some 2.3 hrs before the termination of 

electrolysis, whereas inspection of a video recording shows that this stage was 

reached just :l 1 min before "boiling to dryness". If we place this constraint on the 

evaporation, then we find that we need to assume P* = 0.97 Ats to give the results 

shown in columns 12-14 of Table B.lA. A ressure within the cell sli0 'oher 

than the barometric pressure is entire! reasonable. This particular pattern of 

behavior requires a dramatic increase ·n the rate of excess en a P-Y- ge�ation 

during the last ==11 minutes of electrolysis. The specific rate of excess enthalpy 

t.(O(e) 'vJ /� generation must reach =4kWcm·3 during this last stage. It should be noted that

(Qrh together with the rate of radiative cooling is more than 10 times larger than 

the enthalpy input to the cell, even though the energy efficiency is extremely low 

(the cell voltage is :34V). Even for the lower extreme of the calculation, columns 
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8.1 Example of Data Analysis for Cell Driven to Boiling 

15-17 of Table B. 1 B, the excess rate together with the rate of radiative cooling is

some 1.5 times larger than the enthalpy input. 

The true variation of (Qrh with time will lie somewhere between that 

illustrated in column 21 and that in column 27 of Table B.lB. 

Finally, we give also the values of 

(B.8) 

and of 

I f(8)dr: 

(B.9) 

( columns 18 and 19 of Table B. lB) required to calculate the ordinates and 

abscissae (columns 24, 25 and 30) required to construct plots for the determination 

of (kR')31 (see equation (A.15)). It will be apparent that any such attempt fails 

Uust as do attempts to determine (kR')22) becau
-:.::
s=e_._-·....._..s�o�m=ar

:..:.:
k

:..:::
e

.::.
dl��ti:..:.;m:.=

e

depeodent 
I 
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Ie,le B.1 A. Raw and derive.9_ data_!�r
-
�h_e _!ast � �:0_9hrs_of_o�er_ati�n_of_ a cell d�iven to the _bo�lir_,g p_oir_,_t.__ __ _ _ _ 

Pd cathode--2 mrn diame-ter, 12.5 mm length polarized in 0.1 M Li OD in D20. Obalh = 20.oo·c ; I = 0.5A.
T-----·1··---·T···-----r- ------1 I ------ ·1 .. - - I -- --- I ..... 

T 
2 3 4 5 6 7 8 9 10 

I 

11 12 13 14 15 16 17 
p•=0,97Ats P•=0,954Ats 

Time cell Ecell Rate of Cumulative Radiative Cumulative Change of Enthalpy Equivalent Rate of Cumulative Equivalent Rate of Cumulative Equivalen1 
-- -- enthalpy . ·en·thaiPY --·out-Put r8diatfVe enthalpy content L\M evaporative ev8P-orative 6M eV8p0fa-tiV"e eva·P-Orative �M 5-7-9

- - ----- - ------ .. . 

-
---- -----

input input output content cooling cooling cooling cooling 
/ s / °C / V / W / J / W / J / W / J / J /M 

1,596,736 85.679 18.9603 8.710 8.274 0.942 0.2175 �-,---- 0.2263 
-1451,597,021 86�°i16 18.8621 -- 8.661 ___ 2:_

4_82 _____ 13_:3§:4 ____ 2.358_ �·. ·0_92{ -- 269.0 -0.00348 0.2286 ·- :_
-

-62.0 __
___ . 0.00149 0.2380 64.0 0.00155 

-316.01,597,306 86.729 18.0727 8.766 ____ 4.9?�
---

- __ 8::450_ _ _ 4.742 .. 0.753 525.0 -0.00758 0.2400 __ 127.:0 -- __ 0._90_�()-�-___ q:2_5Q? __ �}2:q __ _ _ g�00318
-399.0 1,597,591 87.074 18.6636 8.562 · 7.449 8.508 7.150 0.514 698.0 -0.00957 0.2481 195.0 0.00469 0.2589 204.0 0.00489 

1,597,876 87.315 18.4203 8.440 9.889 5.548 9.575 -0.363 818.0 -504.0 -0.01209 .. 0.2541- --26(fo ·- ···0.00539- --6.2653
_ _
_ ·-2f(o _

_
_ ·-0.60666

1,598.rnf 87.4881a--:-s
-
11_2

_
aAaf·-12.2§s-fs1i-- 12._oh · · -o.337 905.o -62�.o -0.01490 0.2585-· ·-°J39.o -·o:·oci8

_
fa

_ 
0.2101-· -3sfi:o-

-
·0.00860

1,598,446 87.699 -�8-:.88-?� 8.673 _ __ ! �-!_14 ______ �-_£31�--- ___ 14::4�_5 ____ 0.368 ___ 1.010 -751.0 -0.01802 0.2640 412.0 0.00989 0.2760 435.0 .. 0.01045 
1.598,731 87.908 18.7411 __ 8.601 ____ J?...:�J36 __ 8:6:48 ___ 1_6.910 o.322 1.115 -839.o -0.02013 o.2i3§i - --4ss_o ___ -o:Mfio·· 0.2821 -- -s14_O··-- 0.01234
1,599,016 88.066 �8-:8--"0� 8.666 19.637 ___ ?

..:
?.?.? .. __ 1_!}}_7_5__ --0.279 -- __ 1_.19� _ -932.0 -0.02236 - 0:2142 564.0 0.01354 0.2869 595.0 0.01428

1,599,301 88.226 19.0831 8.772 22.107 8.702 21.847 0.281 1.274 -1.014 -0.02433 0.2835 643.0 0.01542 0.2918 677.0 . - 0.01625 
1,599,586 88.387 19.1603 -- 8.810 - - 24:(foi-- .. ·8.730 - .. 24.327 0.270 1.354 -1.074 -0.02577 --·o.2a3·5·- 723.0 0.01736 0.2970 -760.0 ·---- 0.01'824
1,599,871 88.534 19.2015 8.831 _ _ -· 27.118

--· .
. _ 8_.755 _ __ .. 2?.815 ___ 0.310 ___ 1.428 -1.125 -0.02699 0.2879 804.0 0.01930 0.3018 845.0 - 0.02027 

1,600,156 88.740 19.1336 8.797 29.635 8.790 29.311 0.367 1.531 -1.207 -0.02896 0.2944 886.0 0.02127 0.3087 ·--931.0 ··-- 0.02234
1,600,441 88.952 _1�

_.
_2�23 8.876 _ _ 32.142 8.82��--3T�ffi3- -·-o.396 --1.637 -1.311 -0.03146 --_-6.3bT2--- --gio.o __ 0.0232§ -__ b.3161 fofo- 0.02445 

1,600,726 89.192 19.3183 __ 8.889 __ -- 34,671 8.867 _ 34.331 0.399 1.757 -1.417 -0.03400 0.3093 1.056 0.02534 0.3249 __ 
·
--- 1.109 0.02661 

1,601,011 89.407 19.3736 8.917 37.205 8.904 36.858 0.351 1.864 -1.517 -0.03640 0.3168 1.144 0.02745 0.3331 1.202 0.02883 
1,601,296 89.593 19.2767 8.868 ___ ]_9.7•i6_ __8

'.
936 39.396 0.328 1.957 -1.607 -0.03856_ 0.3236 _ 1.234 0.02962 0.3404 1.296 0.03111 I 

1,601,580 89.781 19.3221 _ 8
.:_
89_1_ ·-

-�227:3 ___ ?-�_62 __ ___ 4_1:9_43 .. 0.307 2.051 -1.721 -0.04130 0.3307 1.327 0.03183 0.3481 - f393··-· 0.03344"
1,601,866 89.943 19.4214 8.941 __ j_4_:?QI____ 8.9�6 __ 4�::4_9.!_ ___ 0.253 __ _ 2.132 ___ -1.822 _ _ -:_0.042?2 __ 0.3370 1.421 0.03410 0.3550 1.493 ··- 0.03582 
1,602,151 90.069 19.40�7 __ 8.932 __ :47}5� ___ 9.018 47.061 .. 0.235 2.195 -1.900 -0.04559 0.3420 .. 1.517 __ _ _ 0.03640 0.3605 -- 1_.594- -0.03825
1,602,436 90.211 19.3647 8.912 49.901 _ _  _ 9.042 49.631 0.225 2.266 -1.996 -0.04790 0.3478 1.614 .. 0.03874 0.3669 ___ 1.697 0.04071 
1 602 721 90 326 19 4153 8 938 52 441 9 062 52 208 0 216 2 324 -2.091 -0.05018 0.3526 1.714 0.0411 0.3721 1.801 0.04322 
1 :503:006 90:457 f9�5429 9:001 54:988 9:085 54:190 ·· 0:243 · 

-
2:389 -2.191 -0.05258 · -o:3583

___ 1.814 0.04353 o.3783 1.907 -· o.04577 
1,603,291 90.603 fa.6287--9.044 �)

-
i:55_�-=--� 9.110·�- ··-57.380 0.264 2.462 2.288 -0.05490 _-0.3647 

.. 
·· 1.916 _ __0.045�)8-· --0.3854-- -2.015 0.04835 

1,603,576 90.758 19.7398 
--

�:..1_0_0 _ ___ 60:_!_31_ ___ 9.137 59.976 0.275 2.540 -2.385 -0.05723 _ 0.3718 .. 2.020 __ 0.0_'!_8_'!_7 __ q_:.393_2 _ _____ 2_.
_1_25 ____ 0.05099

1,603,862 90.917 19. 7097 9.085 __ 62.72_5 ____ · -
9.165 

·
·- ·-

62.580 0.255 2.619 -2.474 -0.05937 0.3793 .. 2.126 0.05102 __ --°--��0_14 
-

-----2.237 0.05368 
1,604,147 91.049 19.8306 __ 9.145_ __65.314 9.188___ 65.192 0.243 .. 2.685 -2.563 -0.06150 0.3857 _ 2.234 -

·· 
_C>.05361 0.4085 ______ 2.3�1 _ 0.05642 

1,604,432 91.194 19.7823 _ 9.121 _§2.:�_2_9 __ -�- 2J�---__ 67.81_1 .. --0.251 __ 2.758 -2.649 _-0.95357 ___ 0.3930 .. ___ 2:344 __ 0._0_§§_�5_ 0.4165 2.468 0.05922 
1,604,717 91.335 19.7468 __ 9.103 -�o

..:.��o_ 9.2�.? ___ 70:436__ 0.184 2.828 -2.744 -o.p_6_585 0.4003 2.456 0.05894 0.4246 2.587 0.06201 

1,604,002 91.404 19.7935 _9.127 __ ?3_._1_1_4 ___ 9:2:49 ___ __ J3_.069 _ _ __ o.�:4-�-- _ _  2.863 -2.818 -0.06762 0.4039 2.570 o.06167 0.4286 -i"ios- o.06497
1,604,287 91.500 19.5535 9.001 _?.:_�.715 __ 9

.:?.§6 _ ---�5:?.:0_5 ___ ___ o_.1_5_4 ___ 2
_.
_9_1_1_ -2.901 -0.06961

-
0.4091 2.685 o.06443 OA3-�fa- 2.83·0-- o.06791

1,605,572 91.580 19.9493 9.205 78.282 9.280 78.346 0.168 2.951 -_j_o1 s· ·-:0.-01235 -o_·,;i~fas- -2�802- 0.06723 0.4392 2.954 - 0.07088 
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Tale B.1 A. Raw and derived data for the last 14.09 hrs of operation of a cell driven to the boiling point. 
Pd cathode 2 mm cifameter,-·12.5 mm length polarized in 0.1 M Li OD in D20, Obalh = 20.oo·c ; I = 0.5A. 1 ···----····1·----··T--·-·-r- i-----T-------·1 ---- ----1 . - -- I - ----- I -- - -

2 3 4 5 6 7 8 9 10 11 

- ------ -- -·- ------------- --------!-------- - -----· ---· - -

12 13 14 15 16 17 
P*=0,97Ats P*=0,954Atsl 

Time Ocell Ecell Rate of Cumulative Radiative Cumulative Change of Enthalpy Equivalent Rate of Cumulative Equivalent Rate of Cumulative Equivalen1 
--- .. - ·- - -- enthalpy enthalpy ···o-u-tPtJt" i_8�!-ii.!!_���- en-thalpy content 5-7-9 �M eva-po·rati\/e e·vaporatrve ---6"rVf-- evapor·atrve evaporative -- --�M 

- .. ------- --- input input output content --- --
- -- -- --- -- cooling --cociHng .. ------ cooling ---cooling- - --- - -

/ s / °C / V / W / J / W / J / W / J / J / M / W / J / M / W / J / M 
1,605,857 91.692 19.9740 9.217 80.906 9.300 80.991 0.193 3.007 -3.092 -0.07420 0.4197 2.920 0.07006 0.4462 2.079 0.07388 
1,606,142 91.aoo 20.0696 9.265 83.533 9.319 83.641 ___ -o.21i·- 3.061-- -3.169 -·:·o.01eti5 o.426(5"----3·]39-----0�07-293- o.4531 3�:i66--c

5

.o7693
1,606,427 91.939 20.1470 9.304 86.173 9.343 86.297 0.234 .. 3:-{f' -3.254 -o:oii:i6if -·o:4342-- --· -:n·61---0.07584 -o-:46i2---3�335 __ _

_ 
0.O8003

1,606,712 92.067 2(i
°

:2282 9.344 88.825 9.365 88.960 0.228 3.1-94----3.329 -0.07988 0.4420 3.284 0.07881- 0.4709 3.467 --0.083-19. 
1,606,997 92.199 "i6�i271 9.344 0,091 9.389 91.629 0.232 - -- 3.26 -3.401 -0.08161 0.4503 3.410 0.08183 0.4802 3.601 0.08641 
1,601.282 92_332 20.32a5 9.394 0,094- 9.412 - 94.304--- --- _ 0.22:f � 3.321 · -3.481 -o.oa353 ___ 9._'.1_?a�_:: �-_)���g-·- : _-o_§i!�-�

-
t -��oA}3_�_9 ·-: __ 3_.y3a _

__
o.oa910

1,607,567 92.453 20.3188 9.389 0,097 9.433 96.987 _ _______ 0.210 3.387 -3.546 -o.oa509 0.4670 _ 
.

. 3.670 o.088-()_6 _____ 0.:4_9_9()_ __
_
_____ 3_�7-a__ _ 0.09305

1,607,853 92.571 20.3481 9.404 0,100 9.454 _ 99.675 _ 0.204 3.446 -3.617 -0.08680 0.4752 _ .. 3.803 0:9_9_�_2_�-- _Q:_5_�8_1 ________ 4.02q_ _ 0.09646
1,608,138 92.685 20.4599 --9.460 _ _ 0, 102 -- __ 9_'.�7j __ 102.370__ _ _0.218 _ _ 3.503 -3.689 -0.08852 0.4833 3.938 0.09450 0.5173 4.165 0.09993
1,6oa.423 92.a19 20.4662 9.463 o. 105 9.498 105.010 0.218 3.57 -3.760 -0.09023 0.4931 4.076 o.o91ao o.5284 4.312 ·0.10347
1,608,708 92.933 20.6294 1.9.545 ·- 0,108-- 9.518 107.777 0.215 3.627 -3.827 -0.09183 0.5017 4.216 0.10118 0.5381 4.463 0.10708 
1,608,993 93.064 20.5100 · 9.515 · ---- 0.1·10 · 9.541 110.484 0.209 - 3.693. -3.903 -0.09366 o.5120__ 4.359 ____ o:�.9�.?1 o.54973 --�:?�-�- 0.11015 
1,609,278 93.171 20.5587 -9.509- o, 113 -- ---9.566- 113.203-- ··-0.168- · 3.746 -3.963 -0.09510 - o:·5205 4.505 o.1oa11 o.5595 4.773 0.11452 
1,609,563 93.255 20.s3s2 -9_4·99- ·--0�11 e--·- ·· �f.s1s- 11 s.928 o.1 s1 3.1aa · · - ·:4_020 --0.09647 -· ·o.5276 4,6,54 o.111 e1 o.5675 4.932 o.11 a3s
1,609,848 93.350 20.a359 9.684 o, 11 a 9.592 118.657 0.203 3.836 -4.090 ·:o.09815 .. · o.5357 4.804 0.1152a o.5766 5.094 0.12223
1,610,133 93.486 20.8525 9.656 0,121 - 9.616 121.390 0.228 3.904- �.f1',iT -�0.09937 o.5476 4.957 o.11894 o.5903 5.258 o:f251a 
1,610,418 93.610 20.8795 9.670 0,124 9.638 124.13f 0.208 - 3.966 -4.192 -�0.10059 0.5589--- ----5.ffa'--- ·-o:Tii69 -0-.--6032-· ·-5:426 __

_
__ - 0.13021( , 

1.610,103 93.729 20�9405 9.100 0.121 9.658 ·· 126.878 - 0.204--· 4.022-- --4.239 -0.10112 --· o.5695
-- - ---5_212- ·o-:-125·so·--o-.--61s6--s.598 ____ 0.13434·· 

1,610,988 93.843 21.0096 --9)35' -0,129 ... 9.679. 129.678 0.215 4.082 -4.335 -0.10403 0.5812 5.434 ... 0.13040 ---0.6288 -----t5:'774 - 0.13855 
1,611,213 93.968 -iC62a3 9. 744 o. 132 9. 101 132.389 0.21 o 4.145 -4.334 -0.10400 o.5939 5.600 o.13438 o.6434 5.953--- o.14285 
11611,ssg 94.082 21·�1126- -9�lf

f 
6 -· -o. 1-35-- - ·g·_-122· -·-·:r3s� 154- - 0.213 4.202 -- -4.379 --�o.-foSOa - ·-o�6Citf8 __

_
_ -s. 769-- -6.13844-i-o�6s72- -6�136- 0.1412s-

1,611,a43 94.211 ·21�ifa2 -9:a31 - -o:T3a-- 9. 145 --T3f924
--
- -- --6.220--- 4.266 -4.416 -=a.16s9Y ----6�i3-fog- - -s.94� ·-o�f4i5s- -o.67353 6.324- -0.15114 

1.e12,129 94.333 21.Jss1-�i§o·a-·--o.·141-- ·--9.766 140.102 o.21s ·- ··4.327 -4.451 -o.1oea1 ---0.6337 ---e�·f1·g·----·o-:f4-6a2J.-O:f38-96·- -6�5-f5- o.15635 
1.612,413 94.456 21.3524 --9.9o6 _____ 6J.;i'3- --9.i88-- 143.485 · --- 0.230· · -4.389 -4.472 -0.10131 - o.6482 --·,r2�i9 _

_
_ o.15116 ____ 0)0-6s·--- -6.-i12· -- 0.16101

1,612,698 94.595 21.4943 --!i.977- -- -6-,T46--- 9.813 - 146.275 0.222 4.458 -4.508 -o.1oa1a o.6653 ·6.484 ___ -o:·15559· ·-o.-i265 ___ - ---6.914 o.16590
1,612,983 94.709 21.5094 -·9:9a5 ·· --0,149- - 9.834 149.011 0.190 4.515 -4.518 -o.1oa42 o.6aoo -6.674--- ·0.16014 -b.7437 1.121-- - o.11oa1 
1.613,26a 94_a12 21.4aa9 --9_9-74-- ·-o:1s2-- ·-9:t352·· 15fai4 0.195 4.567 -4.521 -0.10863 o.6937 ·- -6.a·51-- ·o.-1i3419- ·-o)s9·g-----1.·333 o.11595
1,613,553 94.931 if5Eis§16�613·---· -o:·-fss-- ·-g·_-a'i,i--- --15�Li3i3_i __ ---0.115 ·- - 4.626 -4.551 -o.1092f -- 0.1102 7.065 o.16953 -6-:-fi94 7.549 o.1a115
1,613,837 95.013 21.sas·s--fo.023 · -·cuss ___ ·g_·aa'a"-- 157.496 -- o.163- 4.667 -4.553 -0.10925 0.1220 - 7.26i- --6.17439-- --6.i9':34-- --·-::;: ·:lh--. o.18648 
1,614,122 95.117 21.5-59·5-fo�oifo --0�160--- --9.907-- 160.314 .. 0.196 4.719 -4.566 -0.10956 ·· o.7374 · 7.473 0-:-17933- o.8114 7.99i-- - o.19191 
1,614,407 95.23721:aiis· 10.144 o,163 9.929 163.137 ·- 0:2.oY- -- 4.779 -4.582 �0.10995 --- 0.7560 - -Y683-�-o.1a437 -6-,-833_9_ a.229 o.19745
1,614,692 .. 95.353 21.9319 10.196 0,166 9.949 165.967 ··0.211 4.837 -4.579 -0.10988 0.7747- __ 7.899 0.18954 0.8564 8.467 0.20317
1,614,977 95.477 22.0262 10.243 0,169 9.972- · 168.803 - 0.211'' 4.899 -4.571 -0.10969 0.7957 8.120 0.19484 0.88-17 _______ 8.71-f'"" 0.20902 
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Tale 8.1 A. Raw and derived data for the last 14.09 hrs of operation of a cell driven to the boiling point. 
Pd cathode-2 mm diarnete�·12.Sm"m-- length-polarize-ci in·o�1 ·r,,fLi OD in "i:,;o.· Obalh-; 2cfocl"C; I= 0.5A. . - --- ... -- ---- -- - ------- - ----------------·- ------- ···-

I ----r··-··-1---···· T -- --,-------r - ---, I I I - - ------------------------------·---·----

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
P*=0,97Ats P*=0,954Ats 

17 

Tim e Ocell Ecell Rate of Cumulative Radiative Cumulative C hange of Enthalpy Equivalent Rate of Cumulative Equivalent Rate of Cumulative Equivalent 
- -- : :- _ �--

-
enthalpy enthalpy .. 9_u�p_u_t_ -!adiative·- enthalpy content 5-7-9

_
L'iM_ _ eva"i:Jorative evaporative -��

-
�t.f:,'I= eva.�?L��i_"_e ·evap orative· L'iM 

input input output content cooling cooling cooling cooling 
/ s / °C / V / W / J / W / J / W / J / J / M / W / J / M / W / J / M 

1,615,262 95.594 22.0662 10.263 0,172 9.993 171.645 0.212 4.958 -4.553 -0.10926 0.8165 8.346 0.20028 0.9069 8.962 0.21506 
1.61_5!547 95.719 ·22�22Ei1 1 o.343 o. 175 -- ·•·10�016- - ·-114.493 - 0.220 -5.02 · -4.538 -0.10890· c.>:a":398 -- -· · a�579- -6.-20Kaif� o.9353 · 9.221 0.22126 
1,615,832 95.845 iiii26 10.366 ___ o,178 --ffi.038 -··11?.34i. o.198 5.083-- -4.507 -b".foafs· --0�8646-- 8.818 0.21151 o.9655 9.487 0.22766 
1,616,117 95.945 22.3114-T0.385- 0,181 10.056 180.208 - ·0.191 5.133 -4.464 -0.10712 o.8852 - 9.065 0.21752 o.9909 9.762 o.23426
1,616,402 96.063 22.}5_'10 _ 10_.i0_7_ ___ O, 1_8�( __ __

_ 
1_0.078 183.074 _ _ 0.192 5.192 -4.429 -0.10628 _ ... 0.9107 __ 9.317 - --0.-223_5·(_ ·�:�)_._0_22�c� ���10:0

_
4f-_� -0.24104

1,616,682 96.164 22.4555 __:1
_

0_:j5_�_ -- 0,184 ____ 10.:0�6 ____ 18 _5_.�4_6 __ .. 0.186 5.243 -4.386 -0.10525 0.9336 9.577 0.22980 1.0509 10.336 0.24803 
1,616,971 96.274 22.6668 10.563 __ 0,1_�0 ___ 10.116 188.824 

--
0.200 _ 5.298 -4.339 -0.10412 _ 0.95_98 _____ 9:843 __ 0.:2�.���- __ 1..:...q_��6 __

-
�·0_._?�6-=_ 

-
�0 _.25522 

1,617,256 96.392 22.7317 -·�_o_.5_�_6 _ ____ 9. 1 ��- -�
-
o-}3!__ 191.707_. _ .o._o_93 _ _ 5.357 -4.270 -0.1025 _ __ .e>:_�8�_1 __ -

-
�-q_·!!_6 ___ 0.2���?- __ 1..:_!�99 1 o.945 .0.26263 

1,617,541 93.498 22.7576 10.609 .0,196 10.157 194.596 0.201 5.41 -4.192 -0.10059 1.0175 10.398 0.24952 1.1564 11.264 --0.27029 
1,617,826 96.621 22.a3ag 10.649 -Q,199 -- 10.119 197.491 0.197 5.471 -4.125 -o.ogagg 1.os20 10.6aa o.25648 1.2004 11.594 -0�21-a20-
1,618,111 96.723 22_9902-fo'.725 --· 0,202 - - 10.198 200.392 0.217 5.522 -4.042 -0.09699 1.0822 --1·0.9a·s·-· -o.·2535y -"f2393-- -- ff"g:f6 

_
__ o.28641

1,618,896 96.868 23.0750 10.768 0,205 10.224 203.298 o.310 5.595 -3.964 -0.09512 1.2181 11.297 - ·o-_27107 ·1.2988 12.289 o.29488
1,618,681 97.077 23.124o ·To.i9i ___ 0.208·- - fo�2Eii- · 206.212 - · o.334 5.699 -3.913 -0.09390 --·1.2010 . -··1fEifa·-- -6)7afa ·-·15g�fo--- ·-·-12�559 - - o.30377
1,619,966 97.24923.22 34··1o)i,i2--·-o.2f1 _

__ -10:i94 -209.136 0.294- 5.785 -3.847 --0.09231 1.2679 _____ f1.960 ___
_ 
0�2870(5 __

_ 
7-:-4840 ___ f:f570- -0.31330 

1,619.251 97.412 23.3044 10.882 0.214 10.324 212.070 0.265 5.867 -3.773 -0.09054 1.3380· 12.322 ·o.2956i ---fsfa2-- - ·13·.479 _
__ 

o.32345 
1,619,537 97.551 23.4653 10.963 - -·0,217__ 10.349 -·215.013 0.224 5.936 -3.684 -0.08840 1.4037 12.703 

·-
_-0�3O48:f° -1.6700-:_ =-=T3}l30 -- . 0.3342�

1,619,822 97.667 23.5748 10.017 0,220 10.370 217.962 0.216 5.994 -3.567 -0.08560 1.4634 13.103 0.31442 1.7537 14.405 0.2456t 
1.620.106 97.797 23.5968 -11.02s --·0.224- -·-10·_·394- -220.918 0.187 6.059 -3.448 -0.08274 1.5363 -· -- ·-f:fs20·--o�i244_3_ 1.8576 14_905 ·o.3576i'
1,620,392 - 97.880 23�fo-54 �11.083 - --b,"22Y--1ci.-,fo9- - 223.880 0.156. - 6.101 -3.309 --�0.07940 1.5865-- - · 13.958 --ci.-33494 -- --"{9302-- --fs�·435_ __ o.37037
1,620.677 97.975 23.8262 -fr143 - -0.230·-·- ·10:427· ·-226.846 ··-0.-145-· 6.148- -3.163 -�0.07590 1.6479- -·- f4.410 o.34579 2.0203 15.985 o.38357
1,620,961 98.045 23.8987 11.179 o,233 10.440 229.818 ··0.134 6.183 -2.994 -0.07185 - 1.6961 14.880 o.35706 2.0920 16.561 - ·0_39739 
1.621.247 - 98:·1ia 23:-if5§� Jj)1s� �.).236=: _1_0.j5s:--=_23i.793 · - 0.123 - 6.225· -2.825 :0.05779 �-f is69 _ �-fs.363 o.36866 ____ T1a35- 17.157 0.41159
1,621,531 98.185 24.0750 _1�:2_68 ____ 0,239 _1_0._.4613 __ 235.773 0.096 6.253 -2.637 -0.06328 -· _1.8010 15.864 0.38068 2.2510 17.779-- --0.42663 
1,621,816 98.237 34.1090 11.28_5 ____ 0,243.__ 10.475 238.756 0.099 6.279 -2.435 -0.05843 1.8432 - --16.3-77- - --C>.39299- ---i.31-62-·· --1"a°."421- .. 0.44202
1,622,101 98.298 34.2462 11.353 _ 0,246_. 10.486 241.741 0.100 6.31 -2.235 -0.05363 1.8951 16.903 -· 0.40560-· -- 2.3.974 . -··· 19.081 0.45786
1,622,385 97.35_1 2j:_2_�_3� __:1) .. 32_2_ --0,249 . _1_0_.j9_E3 _ __ 244.730 0.085. _ 6.336 _ -2.014 -0.04833 1.9426 17.443 0.41856 2.4725 19.76_4 _

_ _
_ . 0.47426

1,622,670 98.395 24.4504 11.455 0,252 10.504 247.721 0.096 6.358 -1.786 -0.04286 1.9837- 17.967 0.43185 2.5384 ·20.469·--
0.49117

1,622,955 98.460 24.4775 11.469 -=-0,256- ··10.516_ -250.715 0.084 6.391 -1.548 --0.03715 2.0477 18.562 0.445.41 _:-�- 2:_6423 --··2{-192 _ 0.50853 
1,623,240 98.491 24.5989 11.529. 

- -·· 0,259 _ 10.522 253.712 0.069 6.406 -1.295 -0.03108 2.0796 19.145 0.45942 2.6947 21.945 0.52660 
1,623,525 98.539 24.6757 11.568 ___ 0,2_62 ---

. 10.531 256.711 0.077 6.43 -1.029 -0.02469 _.2.1309 19.738_. ___ 0:1_?3_6j_ 2.7800 _____ 22.713 __ 0.54503 
1,623,810 98.579 24.7846 11.622 0,265 10.538 259.712 0.074 6.45 -753.0 -0.01807 2.1755 20.345 0.48821 2.8552 23.505 0.56404 
1,624,094 98.623 24�8564 -T1.658- --0,269·--· -10.546 -·262.715 0.069 - 6.472 -466.0 -0.of118 ·--2.2268 - --· 20.966 0.50309 2.9426 24.-319·--- 0.58356 
1,624,379 98.658 25.0173 11.739 ······0.272 --- ·10_55f- 265.721 0.089 6.49 -167.o -0.00401 2.2692 -

21.600·· o.51832 -·-3.0160-- --25.158 ·· ·0_50369
Page 3 of 6 



Tale B.1 A. Raw and derived data for the last 14.09 hrs of operation of a cell driven to the boiling point. __ 
..
.
. 

___ _ ___ __ ________________ --------+--
- -
--

-
<----

·
· __________ _

Pd cathode 2 mm diameter, 12.5 mm length polarized in 0.1 M Li OD in D20. Obalh = 20.oo·c ; I = 0.5A. I - - - ., ----- ---·r ----·--i--- - - ---- r--- ---T -- . ····-- I . - - I -·. I ·- -- I. -

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
P*=0,97Ats I P*=0,954Atsi 

Time Ocell Ecell Rate of Cumulative Radiative Cumulative Change of Enthalpy Equivalent Rate of Cumulative Equivalent Rate of Cumulative Equivalent 
_ __ _  -��----� e�ffi�Jpy - en

.
th°iilpy .. �-�utp_ut. - riii°diative 

. 
enthalpy _content 5-7-9 f>M evaporative evap;;�ai(�_e ---��-

--
���po_r:_�v� evaporative t;M 

input input output content cooling cooling cooling cooling 
I s I °C I V / W I J I W I J I W I J I J I M I W I J I M / W / J I M 

1,624,664 98. 724 25.1169 11. 788 0,275 10.565 268.729 0.096 6.523 138.0 0.00331 2.3537 22.247 0_.53�84_ _ _ 3.:. 1643 26.017 0.62431 
1,624,949 98.768 2_5.2_4�_?_ 11.851 _ _ _ 0_(2?9 ___ 10.573 271.740 0.066 6.545 464.0 0.01113 _ 2.4134 __ 22.918 ... ___ ()._��9J� __ 3:2_�1_1 __ -�6.9_:1_9 -- __ 0.64595
1,625,234 98.799 25.3186 11.889 0,282 10.579 274.253 0.054 6.56 814.0 0.01953 2.4572 23.605 0.56644 3.3511 27.852 0.66833 
1,625,519 91:i:tfao 25.44431Tg·s2 ---6,"i1fo ___

_ 
-·10.sis- - 277.768 0.046 6.576 1.111 0.02810 2.5021 24.306 o.58324 3.4347 28.807 o.69125

1,625,805 98.-852 25.5724 -12.016- o:2s9 ____ ,__ 10_5
-
89- .. 280.785 0.054 6.587 1.549 0.03717 . 2.5359 - - 25.019 - 0.60036 3.4966 29.786 0.71474 

1,626,090- 98.892 25.5459 j_2�6cff __ o._�92 __ _  -fo:59(:
f
- _ 283.802 .. . 0.016 6.607 1.937 0.04648 2.5986:_- _ - 25.°74-2 -·

-
--0.6f°iio-- - ·-:f6148-- -- 30.782 �- 0.73865

1,626,375 98.870 25.6366 _ 12.048 0,296 __ 10.592 __ 286.822 _ 0.031 6.596 2.349 0.05637 2.564 __ 26.492 0.63547 3.5488 31.812 0.76337 
1,626,660 98.927 25.6363 12.048 0,299 10.603 289.841 0.047 6.624 2.735 0.06563 2.6559 27.213 0.65300 3.7248 3i824 0.78764 
1.626.945- 98.941 25_7.713·-1·2.-f1i3- ---:--o.3fo-- -T6.6o5· ·292.863 0.046 - 6.631 3.14 0.01535-- -

- 2.6795 
_
_
_ 

-21:910 0.61111 3.7706 33.885 0.81311 
1,627,230 98.980 25.9030 12.182 -0)06··-· --10.613 295.885 · -0.069 6.651 3.551 0.08521 2.7475 - - -- 28.734-- - ()_6-894

_
9 

_ 
- -- 3.9044- --- 34.-96 

_____ ·-0.83890
1,627,515 99.020 26.0481 ·1i:254- o,310 .. 10.620 298.910 o.043 6.671 3.978 o.09546 2.82-68-. - 29.517 -o-�i6a2a- -4.o5Ts ______ 36.073_

__ 
o.86560

--· 

-
-· . . . .  - --

·-
- -- -- ---

1,627,801 99.029 26.2501 12.355 0,313 10.622 301.937 0.031 6.675 4.439 0.10652 2.8378 30.321 0.72757 4.0861 37.227 0.89331 
1,628,086 99.056 26.2752 12.368 ----0,3

.
17 10.627 304.964 0.039 3.689 4.919 0.11804 2.8901 31.129 0.74698 4.1935 ·-· ... -38.392 0.92125 

1,628,371 99.073 26.3010 - 12.-381 0,320 10.630 307.993 0.031 6.697 5.411 0.12985 2.9240 31.953 0.76675 4.2640 39.587 0.94993 
1,628,656 99.091 26.4381 12.449 0,324 10.633 311.022 0.028 6.706 5.902 0.14163 2.9607 32.786 0.78674 4.3412 40.802 0.97903 
1,628,941 99.105 26.5179 12.489 0,327 10.636 314.053 0.012 0.713 6.412 0.15387 2.9898 33.630 0.80699 4.4032 42.04 1.00878 
1,629,226 99.105 26.5914 

.
. :J2.526 __ ),3_31 _____ 10.636 _ 317.084 0.011 6.713 6.94 0.16654 2.9898 _ ____ 31:_482_::_�Q:�_27_4� ��:..49�?--=-�_33.�i.=- ___ 1_.-0388$_ 

1,629,511 9�_. �
-
1_8 2§_._?_1 _1_8 _ 12�_?8_6 __ 0,334 

--
_ _:10_'.6�_8_ -�20.115 0.039 ____ 6.720 7.472 0.17930 3.0175 35.334 0.84788 4.4623 __ j_�.:._5_:49 _____ 9.06901-

1,629,797 9_9J_i9 26. 7797 _ 1_?_. _6_2_9 ___ __ 0,338 _____ 1_0_:���- ___ 
3_2�:_14_7__ _ 0.035 ___ 6J35 8.012 . _ 0.19226 _ _ _ - 3.0853 36.194- -0.86852- -4]ici98 45.821 0.09952 

1,630,082 99.158 26.8288 __ 12.644 ___ 0,341 ___ �-Q.:_�_:46 ___ ___ 3_?6:_18_1_ 0.027 _ 6.?�9 ____ 8_.57 ___ 0_205§5 3.1056 37.074 0.88962- 4.6544 47.135 ___ 1.13105
1,630,367 99.180 26.9499 12.705 ___ 0,345 _1_0.:.§.§9 __ _3?_�.:.21�

-
-
-

0.019 6.751 9.128 0.21904 3.1562 37.959 0.91086 4.7671 48.461 - 1.16288 
1,630,652 99.180 26.9991 12.130 o,349 1 o.65o 332.250 0.008 6.151 --9."714 -·0-.23310.. ·-3--:-1 s5i 

_ __ -- ·3ifasa __
_ 

-o.93244-�47°6i1- -4§]12-- 1.19548
1,63·o.93a · 99.189 25-:-9039 ·1i68_2_ o,352 1 o.651 -33s.2fs- ·  -- ··a:6n-- - 6. isK- -- 10.i- ···0:24 "ii4- --3-:-1ii4-- --39�-i58-- -·o-:-gs403-- 4.8148 51.118 --fl12808 
1,6: f1,223· 99.193 2i2696-1i.al3K-o,356 -16:1352- 338.321 --0.035 ---6.757 ·10.88 - -o.2Eifoa 

_
__ iTaifa-- -40�6-63 ____ 0_-97575 4.8363 -52.551-- 1.26101

1,631,508 99.229 27.3540-12�907--6,:fEio ___ fo-:-659-- 341.357 ·-0.059 6.775- · · 11.49 · o.27577 --3.2749 ----41�572 0.99755 5.0385 53.929 
__

_ 
-1.29409

1,631,793 99.260 27.361 12.911 - -0,363-- - 10.665 344.394 0.027 6. 791 12.12 0.29079 3.3547 42.505 
_ __ 

·-1.019-95-- -5�2264--
-

55.36.5 -- 1.32854 
1,632,078 99.260 27.5248 -12.99i --· -o,367-- --fb.665- 347.434 -0.023 - 6.791 12.16 o.30612 3.3547 43.461 ------.,- .042"a°9 - ----5.-2264- --56.855 1.36429
1,632,363 99.233 27.9392 -fa:foo ----o)i1- --·1 o:660- -· 35<

5
.47:f -0.023 . - 6.777 13.44- -0.32239 3.285(

f
- . 44.417 1.06583 5.0620 58.344 1.40003 

1,632,648 99.233 °i8�6"4so -fa-:-25
_
3_ o,374 16.6El0·- -°J53_s·fr-· --o.os1 ·-·

-
-6. i11 14.16 --0.33977 -- -3�2850 _

_ _  
--4-5�353-1.08830 5.0620 59. 787- 1.43355

1,632,933 99.291 28.625o-fa'.s4:f --b�37B-- 10.610·· - ·355_550 ---0.610- .. - 6.806. -14:·95 ··o.35378 - 3.4382 -- -4ffigo 1.11077 5.4286 -6T23 ___ -- 1-.46927
1,633,218 99.313 28.6013 -fa�s)1_ -_:o.382 __ : _10.§1_1 _ _ 359_591 0.041 6.811 15.76 o.37814 3.5000 _ 47.269 1.13428 5.58161 

-
--·62.n1-- 1.50639 

1,633,503 99.345 28.6206 13.540 . _ o,386 _ 10.680 362.633 0.043 6.833 16.56 __ o.39731 3.5939 _ 48.261 1.15822 ____ 5_. _?_29L=-____ 6_:4.36? ·_ 1.54456
1,633,788 99.362 28.7177 13.589 0,390 10.684 365.676 0.043 6.842 17.36 0.41668 3.6458 49.291 1.18279 5.9551 66.026 1.58436 
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Tale B.1 A. Raw and derived data for the last 14.09 hrs of operation of a cell driven to the boiling point. 1 ____ 
-

-
-·--•-----

-+--------- _____________ 
Pd c;,ithode

--
i mm diarrieter, 12�5 mm length polarized in 0.1 M Li OD in 020, Obalh = 20.oo·c ; I = 0.5A.- ---- - - -------- - ---- -- -T--,--------T--i--- -r -------- -, ---- - -, ---- - - I------- -,- - --- ------- ---- ---------- -------- - ___ ___, _____ -- ·- -

2 3 4 5 6 7 8 9 10 
I I 

Time Ocell Ecell Rate of Cumulative Radiative Cumulative Change of Enthalpy 

-
-
- --

�
--

-�--- :__ e��h�)PY -�e�lFiajpy- =o�tp_�(_ --ra_diaii�e_ eiithaipy content 
input input output content 

5-7-9

/ s / °C / V / W / J / W I J / W I J / J
1,634,073 99.394 28.8632 13.662 __ 0,39_1 ____ 10.690 368.721 0.032 6.858 18.18 
1,634,358 99.398 29.1455 _1_3.803 0,398 -10�690. _371.768 0.004 6.860 19.02
1,634,643 99.398 29.1218 13.791 0,402 10.690 374.815 0.004 6.860 19.91 
1,634,928 99.402 29.1656 13.813 0,406 10.691 377.861 0.008 6.862 20.79 
1,635,213 99.407 29.2219 13.841 0,409 10.691 380.908 0.024 6.864 21.68 
1,635,497 99.429 29.2246 13.842 0,413 10.696 38- -i955 - 0.008 6.875 22.56
1,635,782. 99:415 29-j200 fa:890

--
--- o)Ff1-- -fo.694 - 387.004 0.008 6.869 23.47 

1,636,067 99.438 29.3935 13.927 -- -0,42'1- -10.698 - 3_90_.0_5 __ 1 _ 
--

_0.()_3(_ 6.880 __ 24.37 
1,636,352 99.451 29.6305 14.045 0,425 10.700 393.100 0.008 6.886 25.28 
1,636,637 99.447 -29:;i501 13.960 ----0,429- - -- -1 o.699- - -396.150 0.024 6.884 26.24 
1,636,922 99.478 29.6650 1 14.063 -- 0,433-- 10.705 399.199 0.035 6.900 27.15 
1,637,207 99.487 29.7188 ___ 1_1:g89 . _ 0,1�7 _ _  1 __ 0?_07 __ 402.250 _ _G:OO? ___ 6.904 28.1 
1,637.492 99.487 29. 7317 14.096 0,441 10.101 ___ 4_9?_.3()_1 ____ o._o_� 1 __ _ 6.904 _ 29.07 
1,637,777 99.500 29.8875 14.174 _ _ 0,445 10.709 408.353 0.024 6.911 30.03 
1,638,062 99.514 30.0578 14.259 0,449 __ 10.712 411.405 0.020 6.918 31.01 
1,638,347 99.523 29.9949 14.227 0,453 10.714 414.458 0.027 6.922 32.01 
1,638,633 99.545 30.0432 14.252 0,457 10.718 417.511 0.011 6.933 33 
1,638,918 99.536 29.9275 14.194 0,462 10.716 420.566 0.008 6.929 34.01 
1,639,203 99.554 30�:fa29 -T,f39f ----6,466-- - -fo.i1§- -- ,fi3.620 o.039 - 6.938 35
1,639,488- 99.581 30.4480 --14_,fs4- --- o:4io 

_
_
_ 

10.124 426.675 --0.019 - 6.951 36.o3
1.639,773- 99.576 30_5201 

--
:14--:-490 - --o,4i4-- -fo)if 429.731 ---0.004 6.949 

1,640,058 99.576 30.6057 14.533 0,478 10.723 432.787 ' 0.000 6.949 
1,640,343 99.576 30)376 - 14.594- ----0,4-82- -- --10�723 - 435.843 ___ 0.024 
1,640,628 99.603 30.7714 14.616 0,486 10.728 438.899 0.016 
1,640,913 99.594 30.8841 14.672 0,490 � 10.727 441.957 0.004 
1,641,198 99.608 3o:is59 14.608 -0:495 - -fo-:-129- 445.014 - 0.012--
1,641,483 99.608 -30.a106 __ 11:63�_ =�o.,f9(-____ : Tci)29 : _148.072 0.024 __ 
1,641,769 99.635 31.0278 14.744 0,503 10.734 451.13 0.032 
1,642,054 99.644 31.0847 14.772 0,507 10.736 454.189 0.008 
1,642,346 - 9-9:644 31.0862

,_
f,4�773- -o.s1-1 - -- {o�i6:f- 457.249- ·0.023 

1,642,625- -99.670 'ff2395 -f4�850 
_
__ 6,516-�10.741 - --4(30.368- - - --0.035--

1,642,910 99.684 31.3561 -- -1,{9-08- --0.-520-- 10.744 -
--

46i369 -- 0.016 
1,643,195 99.688 3f.4-i09 14,935 - - --- 0,524 -10.744 466.432 -0.004

-
- 6.949

6.962 
6.958 
6.965 
6.965 
6.978 
6.983 
6.983 

--
-

6.996
7.003 
7,005 

37.1 
- -38.17
39.25 
40.35-- 41.46
42.58 
43.68 
44.78 
45.92 
47.07 
48.21 
49.37 
50,56 
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I 

11 
I 

Equivalent 
t.M 

--
/M 

0.43616 

12 13 14 
P•=0,97Ats 

15 16 17 
P•=0,954Atsl 

Rate of Cumulative Equivalent Rate of Cumulative Equivalen 
-·---- - -

-
-· --------·- --- - -------- - ------------ ---- --. --- -- -

--
evaporative evaporative t.M evaporative evaporative t.M 

'cooling - cooling ---
- -- ----

- ---cooifng- - - - cooling
/W /J /M /W /J /M 

3.7476 50.330 1.20773 6.2268 67.723 1.62509 
··

--

- - -0.45642 3. 7607 51.398 1.23336 6.2625 69.498 1.66768 
- - . --- - -· 0.47770 3.7607 52.470 1.25907 6.2625 71.283 1.71050 

0.49989 3.7739 53.542 1.28479 6.2985 73.068 1.75333 
0.52017 3.7905 53.546 1.28488 6.3442 74.863 1.79641 

.. . · -- - ----- -· ····
· -·-- ----- ··- ---0.54143 3.8654 54.626 1.31081 6.5533 76.671 1.83979 

... - ------- --- --- - ---- ---- ----- - --- ------ ---·-···· -- ----- -·. -0.56310 3.8208 55. 728 1.33724 6.4281 78.539 1.88461 
-- --------- ·-------·--------- - ------ --------·--

-
0.58472 3.8969 56.816 1.36337 6.6427 80.371 1.92857 

--------- - ---- -0.60666 3.9433 57.927 1.39002 6.7763 82.264 1.97400 
0.62957 3.9289 -·· 59.051 1.41698 6.7347 84.195 2.02034 
o.65148 4.0431 60.111 _

___ - -f:4438.tf --i:oi1K--- --- 86.114 -- 2.066-40 -
-
-

-- - -- --- - -- . -- ·-0.67435 4.0775 61.323 1.47151 7.1755 88.13 2.11476 
- ·----·-··- - ··• •·•·• ·----- ---------------- ------·-··-

-
-
-

0.69748 4.0775 62.485 1.49939 7.1755 90.175 2.16383 
-

. 
. ---- ---------- ------ - - --------- - ---- - -

-- -
-

0.72050 4.1282 63.647 1.52728 7.3313 92.22 2.21291 
0. 74401 4.1842 64.823 1.55551 7.5068 94.309 2.26305 

-
-

. -0.76818 4.2209 66.016 1.58413 7.6240 96.449 2.31438 
0.79196 4.3136 67.219 __ 1.61299 __ 7.�2�,t 

_
______ 98.622 2.36652 ; 

0.81622 4.2752 68.449 1.64249 7. 7999 100.881 2.42073
° 0 

. -- - - -- - -· ---- - - -·- ·- -- ... - - ----- -·- --- ---
-
--- --· -

· 
-0.83978 4:3527 69.667 1.67173 8.0570 103.104 2.47407 

0.86457 - ,f4741 70.907 1.70150 8.4758 105�4 
__

__ - 2�52917 
0.89015 4.4511 72.183 1.73210 8.3950 107.815 -2.58714
o.91593 4.4510 - --13.451 ____ -1.15254- --if.395_0 ___ ----110:2aa 2.64455. ---

•·-· ---- -- - -- ----- -0.94196 4.4511 74.720 1.79298 8.3950 112.601 2.70196-- -
-
- - -

-- - -- - -- . .. --- ---- ·-
-
-0.96817 4.5780 75.988 1.82342 8.8502 114.993 2.75938 

0.99485 4.5350 77.293 1.85473 8.6932 117.515- - 2.81990 
1.02165 4.6023 . 78.586 1.88574 8.9394 119.993 - 2.87935 
1.04819 - 4.6023 - 79.897--- --1.91721- ---8:9399-- --122.541 2.99049 
1.07456-- --- 4.7380 ---a-1 .2(fg ··-·1·�-941359- -9A573___ 

1 2·s·.-osg···· 3.001s3
1.10190 4.7850 82.559 1.98109 9.6431 12i784-- 3.06631 
1.12950 4. 7850 83.923 2.01382 9.6431 130.53i-- 3.13226
1.15680 4.9260 -- - - 85.287 . 2.04654 10.2231-- - 133.281 - - 3.19820 
1.18474-- -- 5.0053- - 8 -6:69f--- -i.08022 -1o�si:i'5_ci _

_ 
--fatffa4- -3.26811 --1.21315 5.0285 88,117 -·i·114·g5 -fo:6669 - 139,205 . 3.34037



Tale B.1 A. Raw and derived data for the last 14.09 hrs of operation of a cell driven to the boiling point. 
Pd cathode2 mm 

.
diameter, 12.5 mm length polarized in 0.1 M Li OD in 020. Obath = 20.oo·c ; I = 0.5A. ·r·· - _ _  l ______ T ______ I -- ··1------ ·1 ---- - --·· 1 -

1 
I 

Time 
--•· 

.. - ··-·· 

Is 

1,643,480 
1,643,765 ... 
1,644,050 
1,644,335 
1,644,620 
1,644,905 
1,645,190 
1,645,475 
1,645,760 
1,646,M6

-

1,646,330 
1,646,615 

__ 1,6_46_,99.Q_ 
1,647,185 
1,647,471 

- ·••·•---

2 

0cell ... . -
-----

,·c 
99.679 
99.697 - . ·- ...
99.697 -- ... 
99.715 
99.720 
99.729 
99.742 
99.751 
99.773 
99.814 
99.805 
99.827 
99.836 
99.827 
99.863 
----

3 

Ecell ---- -- --
· ----

/V 

31.4585 
31.4841 ---- - -
31.8530 - -- -· --- ·-

31.7903 
-•-·•• 

31.8675 
32.0163 
32.2200 
32.3784 
32.5800 - - -· . . .. 
32.8931 
33.0572 
33.2827 
33.6334 -·-----
34.0624 ----- - -
34.8753 
----

I 

4 

Rate of 
enthalpy------

input 
/W 

14.959 .... 
14.972 

5 

Cumulative 
-enihafpy --------- -· 

input 
/J 

0,528 .. 
0,533 -------- - ------- --

15.157 0,537 --- --- - ··--··· - -----
15.125 -·-· -·· - ·  .. 
15.164 .. -- ·- -· --· 
15.238 -- ·-· . .  - ··• 

15.340 - -· ··• · ·-. ·-
15.419 --- -- - ·-·-
15.520 --··-. ·-

15.677 
r 1s ?1s!

f 

15.871 -----
16.047 -- -
16.261 --·-----
16.420 

·0,541 ---- - - --· 
0,545 04-··--·· -- --
0,550 --··-· ··•· --··•·-
0,554 --- .. .. -------
0,55.8 

- 0,563
0,567 ·--- ·- ---· 
0,572 
0,576 -
0,581 

0,5
-
85 -

0,590 

6 

Radiative--------
output -----

/W 

10.743 . 
10.746 ------ --
10.746 ------------ -
10.749 .. - . - --
10.750- -- ·-•·· . -
10.752 

••·· 

10.754 .. , .... , .. 
10.756---· -•·· 
10.760 -- -·- -
10.768 
10.766 
10.770 

--· 

-· --- ·-
10.772 
10.770 -------- -
10.777

7 

Cumulative ·---------
radiative -------

output 
/J 

469.494 
472.555 ------ ··-·-· - -
475.618 --· . .  - ·-· 
478.681 
481.744 --
484.808 .. 
487.872-
490.937 ...... --•· -
494.003··- . - ... - .. 
497.069
500.138
503.206 .. . --·-
506.276 ---·-·----
509.332 --- --
512.401 -----

8 

Change of - --- . . .. -
enthalpy 

·- --
content 

/W 

0.008 
0.016 ----
0.016 ---
0.020 
0.012 
0.019 
0.019 
0.027 
0.055-
-0.008
0.011
0.027.. 
0.000 

-··- ··•---•-
0.024· · · ·· 
0.063 --------

- -------- . 

I ·•· 

9 

Enthalpy 

.. 

- ···-
content- --

/J 

7.000 
7.009 - - - - - - -
7.009 
7.018 
7.021 
7.025 
7.032 
7.036 
7.047 
7.068 
7.063. 
7.074 
7.079 

I -
10

--
5-7-9 - - ---- - -

•· 

/J 

51.75 
52.95 
54.15 - •.. 
55.4 

56.64 
57.9 

59.17 
60.47 
61.79 
63.13 
64.53 
65.94 
67.39 

-

--·--. -- -- -·· .... · · --·-
7.074 
7.092 ----- -·--

···-·----·· 

68.91 
70.46 ----

-------·-· 

I 
I 

-- -- -----
.. 

11 

Equivalent---
t.M ----- ---

/M 
1.24192 
1.27057 - - - . .. - ----
1.29946 

I 

- --- - ·-· -- - -

12

Rate of --- -- - --- -- - ·-
evaporative-- · --- --···· · 

cooling 
/W 

4.9767 
5.0813 ------ ---- ••·••-

5.0813 

···- ------------

13 
P*=0,97Ats 
Cumulative------
evaporative----------

cooling 
/J 

89.550 --
90.969 -- --···· · -------
92.417 -- --- ·  .. - - - -- . --- - ····-·-·--

1.32939 
1.35926 
1.38935 
1.41988 
1.45115 •. 
1.48275 
1.51481 
1.54850 
1.58238 
1.61715 ---- --- -· --
1.65368 
1.69080 -------·----

--··· ···--·-----· 

5.1903 
5.2214.... .. 
5.2283 
5.3627 
5.4227 

93.865 . .. --
95.344 
96.832 
98.337 
99.865 

--

.. 
. -

- . .. - -- --·- ···--
5.5751 . .. 
5.8827 
5.8123 

?
--·•·-· ·  

157.9 

... 

101.41 
103.00 .. ·- · .. ·· ·· ----· 
104.68 . ""fo {§".33

·-·-
-·-- ··-· ··- ·-·· 

104.18 -··-·-·- · ---· 
157.9 -· ·-··· -
157.9 

·--- 156.28 ·- -. -· ·- - ---
208.37 ------- -

·- -·-------· . 
Cell dry. Total evaporation of 020 = 4.7371 Moles ; deficit = 3.0463 Moles 
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- ----

14

Equivalent ------ -
t.M ----

/M 
2.14885 . - - -- . --
2.18288 --- ----- ··--·-
2.21763 -- -- ----··--· 
2.25238 .. .•. - - ··-

.. 

2.28788 -· ·- ·-· -
2.32359 .. -
2.35968 

H • ••••-••••• 

2.39636 --·-·-···-----·-
2.43344 ·--- ·----
2.47157 -·-•--··· ··-
2.51180 

·-··· ·----··· - ·-
2.55155 ·-····-- . · ---·--

2.500 
3.750 --·· ---· · ··---
5.000 

I 

--- --------- -

15 

Rate of --
evaporative---------

cooling 
/W 

10.4404 ------ - ----
10.9034 

-
---- -----

10.9034 --·----·-· 
11.4091 ·-----· --·-·· 
11.5579 ··---··· - . --
11.8357 - - . 
12.2612 ···- ····- --- . 

12.5741 
... 

------·· ·---·-
13.4098 ·--·---·-·---
15.3030 
14.8432 

-

---·- ----- --

16 
P*=0,954Ats 
Cumulative --------------
evaporative 

cooling 
/J 

142.245 ---- - - - -
145.221 

·-
--- -- ------ --

148.328 -·------ -- --
151.436 --- --•-·• -
154.687 · -·· -· - - .. --•-
157.981 - - .. 
161.355-·---- - -··· 
164.849 -·-----
168.433 

--

------ ----
-

17 

Equivalent- -- -- -- ---
t.M --------

/M 
3.41332 
3.48472 
3.55929 

·- - -
3.63385 ... 
3.71188 
3.79092 
3.87187 
�.95572-·· . .  -
4.04171 ----·---· -•- -

172.254 4.13342 --- ·- -· -- -·-· 
4.2

-
3807" 176.616 ···--------· - ·--·· ··-- -- -· - ·-

16.0192 ··-----·- ·· --
16.5555 
16.0192 ---- --
18.4020 

180.846 ------- ... 
185.412 

--

190.13----· ·  · ····· --·-
194.695 

4.33959 
·•··· 

4.44914---···· -
4.56236 
4.67191 

----··--

'· 
l 

I 

•. 



Table B.1 B. Continuation ofTable B.1 A. 

1 

Time 
----·-- -

2 
I 

Ocell 

3 

Ecell 
•·--· · ·-·-· 

18 

10·9 f (0) 
··-------

19 20 
I 

10"9f f (O)dT 109 (k'R)11 
------- ----- -

I 

21 

(01h 
--- - .. . 

6+8+12-4 

22 

(01)'11 
- - - . - -

6'+8+12-4 

---- -·-- .... - - - ----- --- -------- -------------- -------------- ------!--------------- -·-- ---- ----

23 

(01)"11 

6"+8+12-4 

24 
y 

109(5-13) 
---- � 

19 

25 26 27 28 29 30 25 
X y X 

109(9) 109 (k'R)11 (01h (01)'11 (Ot)"11 109(5-16) 109(9) -
f9 

·- --------- -
6+8+15-4 6'+8+15-4 6"+8+15-4 19 19 

-- . -- ·- -----·--- ·· ----- -----·· -------· 

1,596,736 85.679 _!8.969_� 9.19353 _D_-?.?_��-. _ _g:7-24 _ ___ Q.-i20 -0.012 _______________________ 9:�2_0� __ 0.73_2 ___ 0.42� _ __._o.o_o_3 _ ___,--,------
-1,597,021 86.216 18.8621 9.29300 -�629.:.? ____ Q_.8_D_8_:3 ___ o_._8_53 _ _ 0.546 __ 0.109 0.92359 0.1027 0.8073 0.862 0.555 0.119 0.92283 0.1027 

1,597,306 86.729 1_8.0727 _ 9.38844_ 5268.7 _ ____ ,0.8279 ____ 0.677 .. 0.367 
-
-�0:07�-- 0.91560_ o_.0996�� 0.826_? __ 0.6_!3!=. - 0:__377 - ___::__D_:0.?_�_�o.:..�.!.�6�_=--0.:..9�9�5 

1,597,591 87.074 18.6636 9.45285 7.9444 0.8251 0.708 0.396 -0.048 0.91310 0.08786 0.8240 0.719 0.407 -0.037 0.91196 0.08786
1,597,876 87 .315 Ta.4ifo - !:r49795- -1 o,638.4 -o.a236- - ·-a. i2r;· - -- --0_4-11 ·· -0.035 -- - o.90459 0.07689--,fs22s -- ·-o."i36·-· --·0A°23- - ---=-o:·oi4- ·-0�§03ifa- 0.01689
1,598, f51-87.488 1a--:-s112 -9:53 039 · --Ti,345.3 - -· o.828i - o.683 o.369 -0.019 o.89592 o.06782 o.8270 - -- -6.695- ---·-o.-�f8·1-- --.:o.oGi- ·-o."89449 o.06782
1,598.446 87 .699 18.8859 9.51002 16,061.5 o.8402 �- o.572 o.256 -- -0.193 o.89048 -o:c>6i8s· --o.8390-- -- o}fs4- --02£:ia- ·---::-0�1 a2 -o�B-896t

f 

-o.06288
---··· - - -•-•- -- -•- ---- . -- -- - . . .  - · · - - -- ---·- - · - -··-- · · ••· - -- -- -

1,598,731 87.908 18.7411 9.60933 18,789.0 0.8335 0.639 0.322 -0.130 0.88871 0.05939 0.8322 0.651 0.334 -0.117 0.88733 0.05939
1,599,016 88.066 1a..8115 9.63909 �-if£21�6- - -o.8411 · o.562 0.244 -0.209 0.88600 0.05546 o.840:f--o:sis---- -0�25f3- -·-=o.1§6 ___ 0.ss4sff 0.05546
1,599,301 88.226 ·19�083 f-9.669i8 · 24.214.8 o·.848_a __ -·-0.4-95· - -· -·0.115 -0.219 ·o.88424 · -o.os24!

f 

-·-cf84ao- --o�so3 ____ --cJ°:1 ·a4---.:-0:-211 o.88284- 0�05248
1,599,586 88.387 ·rn.16d3 9''.69969 -- 21,030_5- - ·o.8512 -0.474 o.153 -o.302 o.88361 0.050092 o.8498 0.487 -- -6."167 -- - -�6.ia9--- ri.88224 - ·o."050092
1,599,871 88.534 19_2015 9.72749 29,794.9 o.8464 o.522 0.201 -o'.256 o.88311 0_041929 o.8449- ·-o:s":3i3 ___ 021s- -·-o.242 __

_
_ o�a1ffig· -0.041929 

1,600.156- 88.740-f9�13:
f

5 )��?fs ·�- 32,567.2=:=o_)�)cC- a:i354 ---o.332- _ -0.121 o.88276 0.041011 o.8315_ ����J3-�f�� ---i34=6==�-:9�I1i= )��_sfaf-0.041011
1,600,441 88.952 19.2923 9.80674 35,350.7 0.8340 0.647 0.324 -0.137 0.88181 0.046308 0.8325 0.662 0.338 -0.122 0.88042 0.046308
1,600,726 89.192 19.3183 -9.-85236- -- 38,145·_-6- 0.8303 - - -0.686 0.361 -0.102 0.88124 0.046061 0.8287 ·-o.7oi .. 0.377-- --

-
-0�086··· 0.87985 0.046061 

� ::�� :�;; :�::��-fr��!-� ·r:��-:�- :·-:I;}t��� �{:-;�f --�t�;� -� �:;!� <�:��; �::��;� �:�:�;�: -- �::;!f- :=--�:��; --� �:!�: = �g�i�-i�� ���Jf �¾�- {���;�: i
1,601,580 89.781 19_3221 9.96472 --46,602.8 · · o.8283 0.709 o.380 -0.088 o.87863 0.044011 o.8265 ·- o.726 ---cijg"f- -0.011 - 6."8i863 o.044011
1,601,866 89.943 _!�j�!j J:..

9_��7_2_ 49,442.( ___ 0.8355 __ ___ 0:�45__ 0.315 -0.155 __ 0.87751 0.043121 0.8337 0.663 --0.333 ... .:-0.13"'7"" - 0.87751 0.043121
1.602. 151 90.069 _1_9_jo�1 10.0199 __ 52

!
��-1

..:.
6 ____ -9..:.83-38 _ o.663 -- -·o-_-332- - - -�0.139 o.87661 0.041977 o.8320 - 0.682 o.351 -0.120 o.87514 0.041977

1,602.436 90.211 19.3647 10.0471 55,147.2 o.8300 o.703 o.371 -0.101 o.87561- 0.041090 o.8287 -- --6�ii2-·-o�:fao·--:o:-6s2- -6_8-74To· o.041090
1,602,721 90.326 -19_;ff53 -1·0.05"92 --5-8,010.6- 0.8312 -oj393·- ----0�360 -0.113" - 0.87 445 6:640062 --0.8293 - --0":f 1 r- 0.380 -0.093-- -o�-8?°295- --0.040062
1,603,006 90.457 19.5429 -1 o:6943 ---66,-880�-4- "cf8321·- 0. 710 ----ci:352 -0.122 0.87359 0.039241 -6:8301- - -··a. 730 ___ -6�3-ii- -=--0�102- 0.87206 -·cf639241
1,603,291 90.603 \9-.628-7 -10� 1224- --63)5f2-- 0.8314 0.695 ---0.361 .. ---=-0.115 0.87266 6.0386fs -0�8293-- -,:,: 71 s-·- 0.381 -=-a:-o-94- o.s-iffo- 0.038615 
1,603,576 90.758 T9�739-8 Jf_!si:f =:�i§:��2J���o.a:f26·- _::-o:684 -- - -0.349 -0.128- o.87199 o.038114 -o.8305 o.705 o.370 -0.101 o.87041 o.038114
1,603,862 90_911 -� 9Jo9� 10.1830 __ 69,5:35.5___ 0.8299 _ 0.114 o.378 -0.100 o.87148 0.037664 -- 0.8277 -- o. 736 -- -- 0:4-00- ---:.a.-01s·- --6�86989 0.037664
1,684,141 91.049 19.8306 10.2085 12,431.1 o.8342 o.672 -- o.335 -0.145 o.87068 0.037068 -o.8320 - -o.695 - - ··--o."3"ifo- --=0�122 ___ -o.86924 -0.031068
1,684.432 91.194 19. 7823 _1_0�2_3�5

-
=:-is�"§4f.:

r

� o.828_( =_�o.736 o.398 -0.083 o.87032 0.036604 --0.8258 -·-0�166-- 0.422 - -0.059-- - 6."1f68i -- 0.036604
1,684,717 91.335 19.7468 10.2638 78,264.5 o.8300 o.718 o.38o· ---0.103 o.86967 0.036134 --0:821�( -·· - o.143-----·-o:;·fo4-- ---.:o:b-ia ___ 0.86800 o.036134
1,684,002 91.404 19.7935 ··10.2772 -81,189.7 0.8347- --0.671 ----0.332 -0.151 0.86889 0.035263 -0.8322 -(:i."696 0.356 -·-:0J27-- -0.86719 0.035263
1,684,287 91.500 19.5535 -16)95/f --8° ( 118-.-7- 0.8201 0.822 0.482 -0.002 0.86819 0.034606 0.8177 0.847 0.508 -0.024 0.86646- 0.034606
1,685,572 91.580 19.9493 10.3113 87,053.0 0.8363 0.657 0.316 -0.168 0.86706 0.033899 0.8338 0.682 0.342 -0.142 0.86531 0.033899
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Table B.1 B. Continuation ofTable B.1 A. -- -- ---------,---��r�=
---_� __ -__ -•------•---------------- ------------

1 2 3 18 19 20 21 22 23 24 
y 

Time Ocell Ecell 10·9 f (0) 10·9Jf (O)d-c 109 (k'R)11 (O,h (Q,)' 11 (Q,)"11 109(5-13) . - -- -- - · - -
-

-
6+8+12-4 6'+8+12-4 6"+8+12-4 1-9

-
·
-·----·- ----

---•-------'------' ___

_, _______ -- -
---

·--

25 
X 

26 27 28 29 30 25 
y X 

109 (k'R)11 (O,h (0,)'11 (Qt)"11 109(5-16) 109(9) 
6-1;8+15-4 6'+8+15-4 6"+8+15-4 19 --19 __ _

/ S / ·c / V / K"4 / K-"s / WK"4 / W / W / WK"4 / WK"4 / WK-" / WK-" / W / W / WK"
4 / WK-" / WK"4

1,685,857 91.692 19.9740 10.3330 89,991.7 0.8327 0.696 0.355 -0.131 0.86660 0.033414 0.8301 0.722 0.381 -0.104 0.86483 0.033414
1,686.142 91.800 20.069610�3s40 --92,936.6 -- -o�S-:far ·--0_597-· ·· -o.3s5 -0.131 0.86612 0.032937 o.8301 0.124 o.382 -0.104 o.86433 0.032931
1,686,�27_ 91.939 20.1470 10.3811 95,887.5 0.8319 0.707 - ·6.36!f_. __ -0.123 

-
- 0.86573 0_:0_���12 Jl.-.�-��-2 __ 

·
-0.7_3_5 -- _ 0.393 -0.095 ___ 0_:_���-�1 __ 0.032642

1,686,712 92.067 20.2282 10.4060 98,846.1 0.8336 0.691 0.348 -0.141 0.86539 0.032312 0.8307 0.720 0.377 -0.113 0.86354 0.032312
1,686,997- 9Z:f99 20.22�1 }o-:-431 i ��!0�)3jJ = ·-ojfa6:f· 0.72'-f" __ 0.383 -0.107 0.86510 0.032020 0.8275 ---0.757 .. ___ O.i1_3 _ _ -0.077 0.��_322 0.032020
1,687,282 92.332 20.3285 10.4577 104,785 0.8331 0.700 0.355 -0.137 0.86473 0.031751 0.8301 0.731 0.386 -0.106 0.86283 0.031751
1,687,567 92_.453 29)_1_88 __ 1_q}i(13_�:�}g7.,155-= _ o.8312_-_ -�

0.121 ·- 0_355 -0.111 o.86445 0.031429 0.8281 ·-··o.i53�� =-�oAS:(=_ =o]�:5=:-0_.8_���2 _0.031429 
1,687,853 92.571 20.3481 10.5044 110,752 0.8306 0.729 0.383 -0.111 0.86410 0.031114 0.8275 0.762 0.415 -0.078 0.86214 0.031114
1,688,138 -�)2.685 2Q.4599--f6�526°i � 113,746 -0.83i6 _

_
__ 0)15 · - 0.368 -0.12i- 0.86373 0.030296 0.8288 0.749 0.402 -0.093 0.86173 ·0.-030296

1.688.423- 92.819 20.4662 10_5530 
-
=116,746 - __ 0.8293 · ··o.746 --o.398 -0.098 o.86345 0.030579 0.8260 ___ 0:78_1 __ -_ -�0

--�:��=--..:9_:��-�- __ oA_i3)32:· 0.030579 
1,688,708 92.933 20.6294 1'0.5753 119,754 0.8348 0.690 0.341 -0.156 0.86311 0.030281 0.8314 0.726 0.377 -0.120 0.86105 0.030281
1,688,993 93.064 20.5100 �0:601_1 122,168 o.8295 __ o.747 _0.397 �0.101 o.86272 0.030081 0.8260 · ---·o·.i85

_ __ 
-·o.435 ·-·=o�bifa- ·o·_si3o63 ·0.030081

1,609,278 93.171 20.5587 10.6221 125, 78�_ 0.8304 .. _ . 0. 7 40 0.389 -0.110 0.86240 0.029780 0.8267 ___ _():_��-5 __ ___ Q_.j2§ __ ___ -0.:9?._1 ___ 0:.
86027 0.029780

1,609,563 93.255 20.5382 _!9...:_�3_86 _ 128,816 _ 0.8285 _____ 0.761 0.410 -0.091 _ 0.86202 0.029406 0.8248 ___ 0.8Q_1 _
_
__ O·i19 _____ -9.:.9 _�.:!__ __ 0..:85986 0.029406 

1,609,848 93.350 20.8359 10.6573 .131,848 0.8394 0.647 0.295 -0.206 0.86159 0.029094 0.8355 0.688 0.336 -0.165 0.85939 0.029094
1,610,133 93.486 20.8525 10.6841 --fa.{886·---o:s31f -·o.736 0.383 -0.119 0.86144 0.028942 0.8272 ·- o."'178-- 0.426- -0.076-- ··o-:-1fo92f -0.028942 
1,610,418- 93.610 20.8795- 10.7086 �=:137,93_1 ____ 0:8314- 0.734 0.382 -0.122 0.86124 0.028753 0.8273 ··o.779 .. --o:426 

_
__ -�b�g_fa ____ ·o�il589i 0.028753 [

1,610,103 93.729 20.9405 10.1313 140,982 _ o.8318 _ o.732 o.377 -0.121 0.86102 0.028528 o.8275 __ 0.778 __ _ o
_.
_�23 -0.081 o.85871 0.028528

1,610,988 93.843 21.0096 _1_0. �5_4 _6 _ 144,041 _ ___ 0.-��-1 _1 _____ o. 740 _ o.385 -0.120 o.86080 0.028339 o.8267 o. 788 o.385 -0.013 o.85844 0.023339
1 611 213 93 968 21 0283 10 7793 147 106 o 8294 o 761 o 405 -0.101 0.86060 0.028176 o.-8248 0.810 0.455 -0.052 o.85826 ·0.028176
1 :611 :559 94:082 21: 1720 -1iao19 __ 150: 178 -- ___ o_;8329- --o:725 - o:368 -0.139 0.86037 0.027980 . 0.8282 - ---··o.776·- --0�420-- --o:oa8 

_
_
_ 

0.85792- 0.027980 
1,611,843 94.211 21.2132 10.8275 153,25_? __ __ 0.8309 0.748 _ 0:391 -0.118 0.86002 0.027836 - 0.8260 ··o:ao2···--o.4·44-· -·=6�065·--· · o:8577f° 0.027836
1,612,129 94.333 21.3557 10.8517 156,342 0.8348 _ ·

-
0.707 -- 0.349 -0.161 0.86003 0.027677 0.8297 0.763 0.405 -0.105 0.857ifo- 0.027677

1,612.413 94.456 21_3524 
-
�_q._8761 

-
--�5� !�15 __ o.8301 _ 0.160 0.401 -0.110 0.86042 0.02154-4 ··o.a241 0.820 ---o.-4

E

i--r·· ---::aj:is1- -·o:a51ai 0.021544 
1,612,698 94.595 21.4943 10.9037 ____ 162,535 o.8336 0.123 o.363 -0.149 o.85976 o.027428 0.8280 o.785 0.425 -

-o.o8if- -0.8571f ·o.027428
1,612,983 94.709 21.5094 10.9264 _ 165,642 ___ Q_._8_342 ___ . 0_._7_19 ·-· 0.358 -0.155 0.85965 0.027258 0.8284 0.783 --

·
-·0.422 - · -:0.091- -0.85695 0.027258

1,613,268 94.812 2! ._48_8�_ 1 o.9469 __ __ } 6_8,7_5_6 ____ 0.8299 o.767 ____ 0.405 -0.109. . o.85951 · 0.021053 ---ci."823!f. -o�if:fa·--· -6A-bs-· -0.109 -o�as·6'7K --o.027b63
1.613.553 94.931 21.5659 10.9101 111,816 o.8319 0.141 o.385 -0.130 · -o.85929- o.025·91s-o.8256 _ 0.816 o.454 -0.130 o.85648 - -□-.025915
1.613,837 95.013 21:·s·ass °Jo}ia?_o- -· 115,00_3 __ =-o.)i!_? __ - -= 0�_7s( ... __ 0:381 __ - -0.129 o.85909 0.026668 0.8252 0.821 o.459 -o.o5s o.85621 · -6.026668
1,614,122 95.117 21.6595 11.0018 178,134 o.8291 0.180 0.417 -0.100 o.85887 0.026491 o.8224 --o-.854_

__ 
-·o:49f-- -0.026 -0.8559:f o.026491

1,614.407 95.237 21.8275 -1 To3·rn· 181,211_ o.8322--- o.748 o.384 -0.135 o.85866 0.025353 . o.8252 o.826 --b��f62 -o.os1- - ·o.85565 0.025353
1,614,692 95.353 21.9319 11.0550 184,415 0.8331 0.739 0.374 -0.146 - 0.85853 0.026229 0.8257 0.820 0.456 -0.064 0.85545 0.026229
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Table 8.1 8. Continuation ofTable 8.1 A.- ---i-- --�--

1 

Time 
.. 

/ s 
1,614,977 
1,615,262 
1,615,547 
1,615,832 
1,616,117 
1,616,402 
1,616,682 
1,616,971 
1,617,256 
1,617,541 
1,617,826 
1,618,111 
1,618,896 
1,618,681 

1,619,966 
1,619,251 
1,619,537 
1,619,822 
1,620,106 
1,620 ,392 
1,620,677 
1,620,961 

1,621,247 
.. 

1,621,531 

1,621,816 . -- -
1,622,101 

1,622,385 
1,622,670 

1,622,955 
1,623,240 

1,623,?.2�_ 
1,623,810 

2 

Ocell -
------ -

,·c 

95.477 
95.594 
95.719 
95.845 
95.945 
96.063 
96.164 
96.274 -
96.392 
93.498 

96.621 
96.723 
96.868 
97.077 
97.249 
97.412 
97.551 
97.667 
97.797 
97.880

97.975 
98.045 
98.128 --- . 
98.185 
98.237 
98.298 
97.351 
98.395 
98.460 

98.491 

98.539 - - -- -----
98.579 

3 

Ecell 

-
- -- - - -

- --------· 

/V 
22.0262 
22.0662 
22.2261 

22.2720 

22.3114 - - . 
22.3540 

-· -- ·• -
22.4555 

22.6668 
22,.7317 
22.7576 
22.8389 
22.9902 
23.0750 

23.1240 

23.2234 
23.3044 
23.4653 
23.5748 

23.5968 - - --
23.7054 
23.8262 
23.8987 . -- - - ----
23.9693 
24.0750 ---------- --
34.1090 

34.2462 - - - --- --
24.2833 - - -- - -- -
24.4504 
24.4775 
24.5989- - - -----
24.6757 -------
24.7846 

18 

10"9 f (0)·-------

- --- - --

/ K"'

11.0798 

11.1033 
11.1283 
11.1536 
11.1738 

19 

10·9Jt (O)d,----------------
---- - -- -------

/ K"'s
187,566 ------- ---
190,724 -·- .. - . .  ·-·· 
193,888 ----- ··- ·•. 

197,060 

200,239 

- -

20 

10
9 (k'R)11 -----

---
- . 

/WK"' 
0.8336 
0.8317 --- .. 
0.8342 - . -
0.8341 
0.8331 

-·-· 

21 

(O,h-- -·--
6+8+12-4 

·-

. -- -

/W 
0.736 
0.759 
0.733 
0.735 
0.747 

----·-----

22 

(Q,)°n 
6'+8+12-4 

/W 
0.370 

0.392 
0.366 
0.367 
0.378 --------- . .. - -- . . . --

11.1975---- - --· 
11.2178 

11.2400 - - --- --- --
11.2638 ------ --- -
11.2852
1-1.3101
11.3307 - ---- - ---

11.3601 
1°f4025·-- --- .. 
11.4374 
11.4706 
11.4989 
11.5225 .. -
11.5491 --· -- - -- - --
11.5660 

11.5854 
11.5998 

11.6167 --------- - -
11.6284 -------- ---
11.6391 - -· ·  ----- ---. 
11.6516 --------- -
11.6624---- - ---
11.6715 

-
---------
11.6848 --- -- - --- --
11.6912 --- --- -
11.7010 -----------
11.7092 

-·-
- ---

203,423 --- ---
206,615 --

_ _29_9.,8 ).2 ... 
�-213,015 --

··-

---
-·-

----

216,225 - ·  --· - - -· 
216,236 
219,460 

222,689 
225,927 
229,176 
232,436 
235,705 

238,982 
242,266 
245,558 

248,854 
252,156 

- -
.. -
.. 

-- --

- - - --- - --
255,462 ---- ---- ---
258,773 ----- - ----
262,087 ---- - -- -- - --

__ 265,404_ 
268,725 -- -- --- ---
272,048 ---- - - -- --- --
275,375 -- ----- ---•-- ----
278,705 -------- ---
282,037----
285,372 

0.8309 0.774 ----· - - · - - - -. - --- ---
0.8324 -
0.8366 
0.8446 ---· - - -- - -
0.8321 
0.8311 
0.8319 .. 
0.8134 
0.8118 

0.8114 
0.8089 
0.8118 

0.8104-
0.8057 

.. 

- . 

0.758 

0.713 
0.623 
0.767 
0.779 
0.772 
0.984 
1.005 
1.014 
1.045 
1.014 
1.032 
1.089.. -

0.8076 1.069 -
0.8071 1.077 .. 
0.8059 1.091- ----- - . 
0.8036 
0.8059 --- . -- - ·-
0.8027 

1.120 

1.095 ------- --
1.173-- - --- - - --

0.8031 ---- --· ---
0.8012 -- - ---- --
0.8033 ---- ---- - --
0.7991 ---- - -- - --

-

-

0.8023 

1.131 

1.152 --- -. - - - . 
1.129 
1.179 
1.142 

.. -

--· 

.. 

--

0.404 
0.387 
0.342 
0.252 
0.394 
0.406 
0.398 

0.609 -
0.629 
0.636 
0.666 
0.634 
0.652 
0.708 

0.687 
0.695 
0.708 

.. ..  

0.737 
0.711 - - -- - - --·-
0.789-·
0.746- - . 
0.767----
0.744- - -- --

---- 0.793- . 
0.756 

-·· 

--- ---··- --· -· - -- - -· 
0.7999 1.171 ---- ----
0.8004 1.166 

0.785 - ----- ---
0.779 

-

---
- -- ---

23 

(0,)"11 

6"+8+12-4 

/WK.4

-0.151 

-0.130 

-0.157 
-0.157 
-0.147
-0.122- -- -·-
-0.140 

-0.186

----
··-------

24
y 

10
9(5-13)__ .. 1

9
" .. 

/WK.4

0.85842 
0.85833 
0.85821 

0.85814 
0.85803 
0.85792 
0.85776 
0.85762 - . 

-0.278 ... .. 
-0.136

.-0.126
-0.134·-- . 
0.075 ... 
0.093 
0.099 
0.127 
0.094 
0.111 --
0.165 
0.143 
0.150 

0.163 -
0.191 
0.165 

0.85758 

0.85751 
0.87011 
0.86547-
0.86952
0.86922
0.86883
0.86838 
0.86787
0.86737
0 .86685
0.86625
0.86565
0.86505
0.86443
0.86392---- --- --

0.242 ... 
0.198 

·-

0.219 
0.195 
0.244 ..  
0.206 .. .. 
0.235 ·-- - - - --
0.229

0.86316
0.86251
0.86188 

0.86134
0.86063
0.85998 

0.85937 ---- --- -- --
0.85875
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25 
X 

10
9(9) --

1
9 ... 

-

/WK-4

0.026119 
0.025996 
0.025891 
0.025794 
0.025634 
0.025523 
0.025376 
0.025251 
0.025148 
0.025020 
0.025301 .. 
0.025161 
0.025125 
0.025225 
0.025243 
0.025241 
0.025184 
0.025081 

0.025010 

0.024845 
0.024705 
0.024521 

0.024368 
0.024168 

- - ·- - . 
0.023958 

0.023775 
0.023578 

0.023371 

0.023208 

0.022985 
0.022798 --- - -----··- -
0.022602 

-------

26 

10
9 (k'R)11 - --- -

. -

.. 

.. - -

/WK"'

0.8259 

27 

(O,h - .. 
6t8+15-4 . -- --- - -

/W 
0.822 -. - ----- . - ... -

-. 

0.8235 
0.8256 
0.8251 

0.8236 

0.849 - -- .. 
0.828 

.. 

-- ... . ·- ·• 

0.836 
0.853 - . --- -•• ··-·· 

0.8210 0.885 --- -- - ·• - --
--

--- . -
-
--

0.8220 

0.8256 -- --
0.8329 

0.875 .. .. 
0.837 ---------- - -- -
0.755 -- --- - - - -

0.8198 0.905 

28 

(Q,)',1 - --- - · -- --
6'+8+15-4. -------- ---

/W 
0.456 ---- -- - - --
0.482 

29 

(Qt)"11--------·-
6"+8+15-4----- --- · -·· 

/WK"'

-0.065 ---· .. --- •· -- -
-0.039 

30 

y 
10

9(5-16)- ---- ·-- - -
19- ·--- --- • - --• 

/WK"'

0.85527--- --- -· 
0.85510 --- ... - - --- --· - -· -

0.461- - · -
0.467
0.484 -- -- - ---- - --
0.516 -- ---------
0.505 --·--·----· 
0.466 ----- - -- -
0.383 ----- --- ---
0.533 

-0.062 --------- --·
-0.057 .. 
-0.041 ---- --- ... --
-0.010 --- · ··----
-0.023 -----· -----
-0.063 

--· 

- --------
-0.146 ------ -.--- -
0.003 

0.85490 

0.85474 
0.85455 -
0.85434 - - - ------- -
0.85409- -
0.85385 --- - -- - -
0.85369
0.85351-- -- - - --- -•----- -- --- -- - -- -- --

0.8180 0.927 - .. 
0.8185 0.929 ·- .. - - - - - -- --- - --

-

-

.. 

. .. 

--
·-

0.8063 1.065- - --- -----
0.7949 1.199 
0.7925 
0.7879 
0.7887 
0.7852 
0.7778 

0.7779 
0.7749 
0.7718 

0.7669 

, ... ---
1.230 

1.286 
1.280 
1.263 - --- -
1.411 

.. 

. - --· - ---
1.412 

.. 

1.449 -- -- ···--- -- --
1.487 --· ··•·· - - -----
1.547 - ------- -- - - -

0.7672 
0.7621 
0.7600 

0.7558 

0.7557 
0.7482 
0.7497 
0.7445 

1.545 -- --- - --- ---
1.605 

-
- --
1.633 ---- ---
1.682 

--
--- -·--- - --

1.683 -----
1.773 -- - ------------
1.757 -- - - ---- -
1.820 -------

0.7424 1.845 

0.554 
-·· ... 

0.555 --- ----- ---
0.690 --- --- -- ---
0.822 

0.023 0.85592 --- ----
0.023 ---- -- - ---
0.156 ---------
0.286 

0.85547 --------- -- -
0.85506 - ---

--
-
-

---
0.86461 -- - - -- --- ... -- -- - - -- -· 

0.853 - - ---
0.908

0.901 -
0.882 - -·--- - - --- -
1.029 --- -- - ----
1.031 

-· 

1.067 -----. - - -----
1.104 ---------
1.163 ---- - - .. -----
1.161---- --
1.221 ----- - ---
1.248 ----
1.297 -- -·---
1.298 ---- - -- - --
1.388 ---- - -------
1.371 

-
-----
1.434 
1.459 

0.315 . . .  
0.369 
0.360 
0.341 

-.. 0.86404 
0.86340 

0.86267 
0.86192 -· - -- ----- .. 

0.487 ---- ------·--
----0.487 ·-. - -- -

0.522 

0.86114 -- --- - - --· -
0.86023 
0.85932· -- .. _ -- - -

0.559 0.85838 -------- --- . .. 
0.617 0.85741 - - --- - ----·-- -- ------·----
0.615 --
0.674 ---- -- ----
0.701 - - --- --
0.749 ---------
0.750 --------- - --
0.839 - -----·-
0.821 ---- ---
0.884 -
-

----
-

0.908 

0.85652 --- --------
0.85536 --- ---·------ --
0.85430-- -- -----
0.85324 
0.85214 --- -- - - ----
0.85108 ---- --- -
0.84993 

1-
-

- ----

0.84882 
0.84768 

. .. 

- -- ---

25 
I X 

10
9(9) . -.. 19·-

-

/WK"'

0.026119 
0.025996 
0.025891 

0.025794 
0.025634 
0.025523- -
0.025376
0.025251

"0:025148 -- - -
0.025020 

0.025301 

0.025161
0.025125
0.025225
0.025243
0.025241 

0.025184
0.025081 

0.025010 

0.024845
0.024705
0.024521- -· -
0.024368 

0.024168 
e- .. 

0.023958 ----- ---
0.023775 

0.023578 

0.023371 

0.023208 

0.022985-- - - - . - . 
0.022798 

0.022602

I ' 



Table B.1 B. Continuation of Table B.1 A. 
---

-

1 

Time 

/s 

.. .. -

·-·

1,624,094 
1,624,379 
1,624,664 

1,624,949 
1,625,234 
1,625,519 
1,625,805 

1,626,090 
1,626,375 

����=1 
2 

Ocell 
-------

1·c 

98.623 

98.658 --- -
98.724 

98.768 .. - -
98.799 
98.830 
98.852 

98.89 2 

98.870 

---i------- ·-r -·

3 

Ecell ----

-
--

/V 

24.8564 --
25.0173 
--- -- ---25.1169 - - -

- - ---- -.
25.2417 . - - --
25.3186 

25.4443 

25.57 24 

25.5459 •.. ------ - -
25,6366 

18 

10-9 f (0)

-
----- -

----

/ K
...i 

11.7183 ..
. 

-·-· ·· -
11.7 255 -- - ----- - - -
11.7390----- ·• -·• 

11.7481
- - -- -11.7545 

11.7609 
11.7654 ... . ... 
11.7736 - --- ------ -- -
11.7691 

19 20 21 

10-9Jf (O)d-r 109 (k'R)11 (01h ---- ------ -- -----
.. . .. 

/ K
-4
s 

288,709 -· ·- .. -· 
292,049 

..

-- -- - --
- ·  --

-
· 

295,390 -
•· 

-- - - ·---

/WK-
4 

0.7989 - .. ·-· 0.8000--··· - ... 
0.7955 

.. . ... 
0.7977 __ 298,�36 -- --

-
·. -- --

· 
302,084 . . 
305,434 --- - . .  - ----
308 ,786 . .. -

_ 31i2,139 
315,495 

0.7978 .. 
0.8027 . - -
0.8012 

0.7974---- --- - --
0.8032 

- -- -- . 
6+8+1 2-4 ---- - -

/W 

1.183--- - --1.172---1.227 
1.201--1.201
1.182 .. . 
1.163 -·

. 1.208 

.. 

... 

- --·-· - - --. 
1.139 

- --- - ---
-
- - --

-----------

22 

(01)
°

11 
6 '+8+12-4 -------- - ---

/W 

0.797 .... .. 
0.785 .. . 
0.839 

-- - ·-- ·------
- -

-----· ····• - ·•---

23 

(01)"11 
6"+8+12-4 ----- ----•-··- --

/WK'
4 

0.246 

0.234 

0.288 

··
-
- -- -··--·-

---------· 

24 

y 
10\5-13) 
···--19 

___ 
---- - -- ·---

/WK
-4 

0.85815 

0.85754 
0.85698 ..... .. - -

0.814 

0.813 

0.794 

0.775 

0.819 · --
0.750 

0.262 

0.261 
0.241 
0.222 

0.266 . -
-
-
-- -
0.197 

0.85638 

0.85578 

0.85521 
0.85464 
0. 85412 -- -- 0.85353 -- -----

-- ---- - ---- -- -----· 
----· 

-- ---- .. -- . -· ---- - - · - . -
1,626,660 
1,626,94 5 

1,627,230 
1,627,515 

1,627,801 
1,628,086 

1, 628, 371 
1,628,656 

1,628,941 
1,629,226 

1,629,511 
1,629,797 
1,630,082 -
1,630,367 
1,630,652 

1,630,938 

1,631,223 

1,631,508 

1,631,793 

1, 632,078 

1,632.�-��1,632_.�4�--
1,632,933 

98.927 
98.941 
98.980 
99.020 
99.029 
99.056 

99.073 

99.091 
99, 1-05 

99.105 

99.118 

99.149 
--
- - . 

99.158 
99.180 
99.180 
99.189 
99.193 

99. 229 
99.260
99.260 
99.233 

99.233 

99. 291

25.6363 

25.77113 

25.9030 
26.0481 
26.2501 
26. 2752 

26.3010 
26.4381 

11.7808 

11.7837 
11.7918 

--· .  -
-
-

11.8000 
·1·f.ao22

11.8074 - -- -- --11.8109 
11.8147 -- - - -- . 

-

26.5179 
26.5914 

26.7118 

26.7797 
26. 8288 

26.9499 
26.9991 
26.9039 
27.2696 

27.3540-· ---
27.361 -- -

--- -
-
- --

27.5248 

27.9392 ------
28.0450 -- ---- -
28.6250 

11.8175 --- - -- . 
11.8175 ----· - -·-

- -
11.8202 

11.8266 --- --
-

·
-

-.. 
11.8285 
- - ·-

- - - . 11.8330 
11.8330 
11.8349 -
11.8357 
11.8431 -------11.8495 
11.8495 
----·- -· - -
11.8440 ------
11.8440 ------11.8559 

-� 3\�.84_�-- -
322,206 

0.7932 ····--
0.7969 
0.7942 

-- . -

1.258 

1.215 
1.248 --

3�?_,56_5 -- --- - - --
-•-

328,925 - --
332,288 -- --· 
335,654 ---
· 
·-- - . .. -••--

339,020 --
.342,387 --- - -- --
345,754 --- -- -- - ··-
349,123 

352, 491 
- ---

0.7958 

0.8038 
... .. 
0.7994 - - ---
0.7981 
0.8001 
0.8028 -· -- ·- -
0.8060 
0. 8062 

. -
.. 

·- - --

... 

1.230 
1.136 

1.188 

1.204 

1.173 

1.149 
1.111 

- . 

- -- --1.109 ---- -
355,860 ---- ---- ·- ·

-

359,230 ---· --- --- -·--
362, 601 

----- - . - -
- -· -· - -

... 365,974 . ·-
----

--
369,346 

372,731 
376,104 ------------

-
379,479 

-------·-· -----
382,856 ----- - -- - ---
386, 234 ------389,609 -------

--
392,985 

0.8032 

-

-
-

-
-
-
----

-
0.8041 

-
---

-
- -----

-•-
0.8054 

---
- - . .  ---··· 0.8084 

0.8022 

0.8147 
0.8083 - ······-·· ---0.8042 -------- --- ---0.8152 ---- -- - --0.8391 ---------. -·--
0.8373 ---------0.8461 

1.144 
-·-··-·------1.135 

1.120 
-
-

-

-
1.084 

1.157 
1.009 
1.086 

1.136 .. 
1.005 

0.7 22 - -- -- ·- -
0.743 ··------

-
----

0.635 

0.869 
0.826 

0.858 ..... 
0.840 

0.8746 

0.798 

0.814 

0.783 

0.759 
0.721- 0.718 
0.754 

------

--

. . 

. .. 

.. 

0.744 
0.730 
0.694 
0.767 
0.618 
0.695 
0.74 5 

0.614 

0. 331 

- -

--- - . ·- - - .. -
0.352 

... 
- - · 

0.244 

·· --· 

0.315 

0.272 

0.304 
0.286 

0.192 

0.243 
0.259 
0. 228 

. - . 

0.85303 

0.85245 

0.85191
0.85139
0.85086 

0.85041
0.84994
0.84946 .

. 0.203 
0.165 

0.163 

0.198 

0.188 

0.174 
0.138 

0.211 
0.062 
0.138 -
0.188 

0.84901 . .  
0.84857 
0.84817 
0.84781 ·-
0. 84742 

-
-.. 

0.84703 

0.84666 

0.84632 

0.84590 
0.84565 

0.84536 · -- .... --0.057 0.84502 ... 
-0.226 0. 84474 ------ - - - ---·· 
-0.204. --,-
-0.313 

- - --------0.84468 -- - ....

. 

-
0.84486 

Page 4 of 6 

----
-

--

-------

25 

X 

109(9) 
19 ---------

/WK
-4 

0.022417 - - •. 
0.022222 

0.022083 

0.021909 
0.021716 

0.021530 
0.021332 

0.021167 --
-------

0.020907 
----- - -

-0.020775

0.020580 
0.020429 
0.020281 -· 
0.020088 

0.019928 . -- . 
0.019754 

0.019586 

0.019416 

0.019228 

0.019064 

0.018925 

---

26 

109 (k' R)11 -·--·-·- --

--- -----• 

/WK
...i 

0.7379 --· --- - -- . -
0.7363 

0.7 264 
.... 

0.7247 .. . .  
0.7218 

0.7231 
0.7195 

0.7111 -- ------0.7195 -- ··- -
------0.7025 

0.7043

27 

(01h - ... --- -----
6+.8+15-4 -------·

/W 

1.900 
-
-· · .. --·-

1.919 - -· - - - - -·-
2.037 

---- -- ----
--2.059 --- ---- ---· 

2.095 

2.114 --· . - -- -
2.124 

2.224 

-

- --------
2.124 ------ ---
2.327 .. 
2.306 ·- . 

--
-

0.6961 ·-· 
0.6915 ... -
0.6980
0.6890 ·-
0.6846 

0.6839
0. 6822 .. 
0.6864 

0.6840 
0. 6743 

2.404 --· 
2. 461. ·· ·- ·- - -· 

-

·-· 

-

... 

-- --

2.384 

2.492 -
2.544 

2.553 . --
2.562 

2.524 
2.553 

2.669 

. ... 

---

- ---·- ·-·· · .. ---- - - ---
0.018762 

0.018618 

0.018447 
0.018289 
0.018128 
0.018014 

0.017896 
0.017738 

0.017546 ·- ----- ·. ----· 
0.017394 
0.017319 

0.67 32 2.683 - -- --- ·-·- ---- - ---0.6692 

0.6723 

0.6638 

0.6754 
0.6594 

0.6462 

2.731 · ··-
2.695 . .. 
2.795 

-
2.658 

2.850 -- - ·- - -
- -- -

3.007 ... -·- --- ---
2.876 ___ 0.6573 . --- -- --

0.6890 ---
-
-·-- -- -----

-
0.6873 

-- ------
2.499 --·---
2.520 -- - ·

-
-- ----- -

0.6782 2.626 

28 

(01)\1 ----- · -- --6 '+8+15-4 ---------

/W 

1.51 3 
---- ----- --- ·---

1.532 - -- - - - -· 
1.650 --------

-
-1.672 -- - -- ---- ---1.707 - · -· 

1.726 
--

- - -------
--1.735 -

-----
- ----··· 

1.835 ----- ----1.735
-Tf3a--
--- --

-
-----1.917 ----------

2.015 --- -------
2.071 ------- - -----

-- 2.995 .. ----
2 .102 ------- - .. . 

2.154 

2.163 -- ---- - ---
----
- .. 

2.172 . - - - ---
-2.134 

2.163 

2.229--- -- - - --
2.293 

-- --- -·---
2.341 
2.305 .. .. 
2.404 

2.268 .. 
2.459 ---- -- ---

-

-

--
2.616 ------ -

--- -
- ---

2.485 --
2.108 

2.129- - ------
2.234 

- ---

29 

(Ot)"11 ------ -- --
6"+8+15-4 

/WK-
4 

0.962 ·--
-

-

--- --- -0.981 --····- -- -- -1.098 

30 
y 

109(5-16) 
19 ----·

/WK
-4 

0.8465 3 -·-· 
------0.84536 ---·---- --

0.84422 

-------- -
·-

25 

X 

10\9) 
---- -- -- -19 -------

- -- ·

/WK-
4 

0.022417 
0.022222 

0.022083 ---
-----· -- ------ ---- --· 1.120 0.84299 - ---- -- - -

-
-·-- - -

--·- · ·-1.155 0.84173 
---- .. 

1.173 0.8 4047 ---- - -----
··

-

- - --- - ---
1.182 0. 83921 -- ·· · --· -- --. -- - ---1.282 

--1-:-1a2-
1.384 ---- -- ---- ---1.363 ----. ---

---
1.461 --- ---· --- ---
1.517----------� 
1.440 

0.83797 ----- -0.8 3664 -----
----

0.83543 -- --- - -.. ·---0.89313 ·----·-· -- -- -· 
0.83279 --·- - · -- -0.83145 - - -- - -0.83008 -

- -- -- --. ·- -
1.547 0.82877- - -- --------- --1.599 
- .... 
1.608 -----

-
·-

1. 617 --- . ----
-1.579 

0.82743 

0.82605 - --- ----- ---
0.82468 .. 
0.82333 --------- ---- . 

1.608 0.82203 -- ----
. 

1.7 23 0.82075 ------ - - ---------- -
1.737 ------
1.784 -- ---
1.748 

.
. 

1.848 

0.81941 ------------0.81807 ... ·- ----- --0.81671 
0.81 540--

1.711 ---- . . . --1.902 
0. 81401
0.81279 

0.021909 
0.021716 

0.021530 
0.021332 

0.0211 67 
0.02090-i - -- - - ... 
0.020775 

0.020580 
0.020429 
0.020281 -· -- -
0.020088 
0.019918 

0.019754 

0.019586 

0.019416 

0.019228 

0.019064 

0.018925 

0.018762 
0.018618 

0.018 447 
0.018289 
0.018128 

0.018014 ---- ---- -· -- -- ----- .. .. 
2.059 

------1.928 -----------1.551 
1.572 ---
1.677 

0.81148 . .. --·

-

------
0.81004 ------- ----
0.80868 ---------0.80763 ------ ---0.80684 

0.017896 -- . 
0.017738 

0.017546 ---- -------0.017394 --
-

- --- -
0.017319



2 3 

Time Ocell Ecell 

18 19 20 21 22 23 

10·9 f (0) 10·9Jf (O)d, 109 (k'R)11 (01h (01)'11 (01)"11 
·- -- - . ·-

6+8+12-4 6'+8+12-4 6"+8+12-4 

24 25 
y X 

109(5-13) 109(9) 
. 19 - 19 

-

26 27 28 29 30 25 
y X 

109 (k'R)11 (01h (a1r11 (Qt)"11 109(5-16) 109(9)
6+a+1 s�4 6'+8+15� 6°+8+1 s=-4 -··19·--- --

·-
19

-
----

-
·---- -

-
---

-
----

-
- -

1,633,218 �.§l_:.3J} ?��0-� JJ.:.�?._0_? __ 396,364 ...Q-.��-� _ __ _Q_.§_9_0. __ 9-_?9_� · - -0.259 0.84492 0.017199 0.6663 2.772 2.380 1.883 0.80580 0.017199
1,633,503 99.345 28.6206 11.8671 399,744 0.8345 0.777 0.385 -0.172 0.84493 0.017093 0.6469 3.003 2.612 -2.054 0.80465 0�1709}1
1,633,788 99.362 28.7177 11.8706 403,126 0.8340 0.784 0.392 -·--=cf.-166 - ·o·.·a448·7•··0.016·g72 -o�63

9

s··· 3.093 2.701 2.143 0.80336 o.01ei}72
1,634,073 99.394 28.8632 11.8772 406,509 0.8320 0.808 0.416- - --�0.143-- . 0.84481 0.016870 0.6233 3.287 2.895 2.337 0.80203 0.016870 
1,634,358 99.398 29.1455 -11:8ia1··-·409�s94- _ o.8451 _ :· o.652 - 0.260 -0.299 o.84473 0.016736 o.6345 · 3.154 2.162 2.203 0.80051 0.015735
1,634,643 99.398 29.1218 J 1_:8.�8_1_ _j_13,27_9 

-
· 0.8441

--
__ 0.664 0.272 -0.287 0.84474 0.016599 0.6335 . 3.166 2.774 2.215 0. 79922 0.016599

1,634,928 99.402 29.1656 _1 !:8_7�9 _ __ 4_!§ l36_5 _ 0.:�444 . o.660 .. ___ 0_.268 -0.290 o.84473 o.016469 .. o.6319- - - 3.185 - -··2.i9T·--·i·z:f4·- -o�igiaY 0.016469
1,635,213 99.407 29.2219 11.8799 __ 420,050 __ o.8440 ___ o.665_ . ... 0.212 -0.286 o.84728 0.015341 ·0.62_90_ :·i.-?}:(· -- 2.826··· --i26a_

__ _
_ 659654- 0.015341 

1,635,497 99.429 29,2246 11.8845 
. 

423,436 0.8388 0. 727 0.335 -0.223 0.84728 0.016236 0.6126 3.415 3.023 2.465 0. 79523 0.016236
1,635,182 99.415-i[":3200 11.8818 ·426,823 o.8468- --·o:ffa":3- ·· 0.241 -o.318 --o:841220.015093

·
·0.6213 3_240 2.848 2.290 o.79377 0.015 093 

1,636,067 99.438 29.3935 11.8.863 430,209 - ·o.8412 . 0.699 0.307 -0.252 0.84722 0.015992 0.6102 3.445 - 3.052 2.494 0.79247 0.015992
1,636,352 99.451 29.6305 11.8890 433,597 0.8490 0.606 0.214 -0.345 0.84719 0.015881 0.6107 3.439

·
·3.047 -2.488 . 0.79106- 0.015881

1,636,631 99'.447 29-:-,i"fo111.888-2 �-_:4_3-6:9_8-tC_ o.8418- o.692 o.3oo -0.259 o.84121 0.015153 o.6058 3.498 3.105 -- z:54·1-- ·o�·ia96i--o.015153
1,636,922 99.478 ig·_-6656·-·r-r .89 -46 440,373 0.8394 .. -· ·o.720 -- 0.328 -0.231 0.84718 0.015669 0.5848 - ---3.749 3.356 2.797 - 0.78827 0.015669
1,637,207 99.487 29.7188 11.8965 443,763 0.8409 0.704 0.311 -0.248 0.84715 0.015558 0.5805 3.802 3.409 2.850 0.78674 0.015558

-· 

1,637,492 99.487 29.7317 11.8965 447,154 0.8412 0.700 0.307 -0.252 0.84710 0.015440 0.5808 3.798 3.405 2.846 0.78518 0.015440
-· -- -- . -

1,637,777 99.500 29.8875 11.8992 450,544 0.8422 0.687 0.295 -0.265 0.84707 0.015339 0.5730 3.890 3.498 2.938 0. 78365 0.015339
1,638,062 99.5-14 30.0578 11.9021 453,936 0.8448 ... 0.657_. _ 0.264 -0.295 0.84705 0.015240 0.5656 3.980 3.587 3.028 0.78209 0.015240
1,638,347 99.523 29.9949 11.9039 

-
�5_7_.�28 _ .. .9:8��3 __ 0.735 ___ 0.342 -0.217 0.84704 0.015135 0.5524 -·4.138·- - ·-·-3.745 -- 3.18 6 __ _  

-05805tf 0.015135
1,638,633 99.545 3_9_._0�_3:z_ J_1_._9_98_5._ __ 1�Q.7_�p ___ 0.:.83_3�---

··-0J91 ___ 0.398 -0.162 0.84700 0.015048 - -0.5303 4.403 4.010 3.451 0.77884 0.015048
1,638,918 99.536 29.9275 

-
� 1_:_99?_6 __ __j_�4. !.!_1'!__ 0.8324 _ 0.805 .

. 
_ 0.412 ·- �0.147 0.84690 0.014930 0.5363

-· -
· 4.330 3.937 3.377 0.7770i- 0.014930

1,639,203 99:55_� 30:3229 __ 1_�.9104 __ 4.�?__.�0_? _____ 0.8_�9_5__ 0.720 _ 0.327 -0.233 0.84680 0.014840 0.5285 4.424 4.031 3.471 0.77528 0.014840
1,639,488 99.581 30.4480 11.9159 570,902_ 0.8359 _ _ 0.763 0.370 -0.190 0.84677 0.014761 0.5001 4.765 4.372 3.8{2·--6.7735:f .. o".014761
1,639,773 99.576 30.5207 _1_1:�_1'!_9 ___ j?_�_._2_98 -- 0.842_9 __ 0.680 0.287 -0.273 0.84671 0.014651 -0.5119 - . 4-.624 - - 4.231-· ---3:511 ·--· ·6.1if58. 0.014651
1,640,058 99.576 30.6057 11.9149 477,694 0.8462 0.640 0.247 -0.313 0.84668 0.014547 0.5151 4.585. - - 4.192. ·-3-_ifa2··----6.76973 0.014547 

1,640,343 99.576 30.7376 -r,-_9f4·g -481,6-96 .. _ -0.8497 _. o.599: .. ·--o.2ci6 ____ -0.354 o.84667 0.014444 o.5187 - . -4�543· --4.150 -- ·--3.s�io-- · o.15Yg3· .. o.cff4444
1 640 628 gg 603 30 7714 11 9205 484 485 o 8407 o 706 o 313 o 248 o.84671 0.014370 -·o.4823 -4�97_a _ ---�f5ff5 ---· ·-4.025 o�·i662o- -0.014370
1 :540:913 99:594 3o�a1

f

�f1 -ff:91 a6- .=4if1 :sa3=.: ��-o'.a�o�-� 0:594 · · � �0:20� · <0:350 o.84668 0.014252 · ·o.so13 -4�isi-- 4.359 --4�359- - 0�15424- 0.014252
1,641,198 99.608 30.7559 -�1..: �_2_1 � 491_.279 __ 0:.8_3_83 _ ___ 0J35 0.342 -0.218 0.84670 0.014177 o:4744 5.073 4.680 4.119- -0�76242- -0.014177
1,641,483 99.608 30.81 oo __ 11:�_215 ___ i.94.,_67_1___ o.8396 __ 0.120 _ _ o.321 ... -0.233 o.84666- 0.014080 --6.4is1- ··-·s.o58 �--=-4��6:f_� -

--='!.·_1_:o_4_:= · a�foo4f _0.014030
1,641,769 99.635 31.0278 11.9271 498,075 0.8362 _ __ 0J60 _ ...

.

. 0.360 -0.194 0.84662 0.014010 0.4406 5.429 5.086 4.525 0.75852 0.014010
1,642,054 99.644 31.0847 11.9290 501,474 0.8365 0.757 0.363 -0.197 0.84657 0.013924 0.4293 5.615- 5.221 4.661 0.75638 0.013924
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Table B.1 B. Continuation of Table B.1 A.·-- . -- ------- ----- T -----r-· ----- -------- -- ·- •-- ____ .. 
__ 

-- -- - ------ ---------· - ------
--•-••

··•---- -- - ------- - -

1 

Time 

Is 

···- -

1,642,340 
1,642,625 

1,642,910 
1,643,195 

1,643,480 
1,643,765 

1,644,050 - .. - -
1,644,335 --- - - --
1,644,620 . - - . - -
1,644,905 

1,645,190 
1,645,475 

1,645,760 
1,646,046 
1,646,330 
1,646,615 
1,646,900 . - - - ·-
1,647,185 ------ ·--
1,647,471 

2 

Ocell ---- - -
.. 

1·c 

99.644 
99.670 
99.684 
99.688 
99.679 

99.697 - -
99.697 
99.715 
99.720 
99.729 

99.742 

99.751 
99.773 
99.814 
99.805 

99.827 ---- -- --
99.836 
99.827 
99.863 

3 

Ecell ----- --

- - ------ -

/V 

31.0862 - --- ---- -
31.2395 

31 :3561 
31.4109 

31.4585 

31.4841 ----- -·--
31.8530 1--------
31.7903 -
-
--------

31.8675 

32.0163 
32.2200 
32.3784 
32.5800 ... -· ----
32.8931 
33.0572 

33.2827 --- -------
33.6334 ------ -· 
34.0624 
34.8753 

18 19 

I 
10·9 f (0) 10·9Jf (O)dt 

··

-
-

-

--
-
- -

-----

/ K-4 

11.9290- -------- --
11.9344 -·-·· - - - -
11.9373 - -- - .. 
11.9381 
11.9362 

11.9400 -·-.. ·-•- ··-

11.9400 ------
11.9437----- - -
11.9448 ---· - ---·-· -
11.9466 -- -·---- ----
1 � .9493- . -- - . 
11.9512 ----- .. . . 
11.9557 - ---- - - -
11.9643
11.9624
11.9670 -·- ·----
11.9688 -- - --
11.9670 -----
11.9744

- - -- -----

/ K'4s 
504,874 ---- --· - -----

-
· ··-· 

508,274 - -· -· --511,675 -
515,077 
518,479 -- ·- - --
521,881 -- ··-- - - . ··------
525,284 --------
25

1
8,687 _ 

532,091 
· 535,495 ---·---- -- - ---

·-· 5_38_,_9_00 ___
542,306-

-545,712---- ------- --
549,119 

. --- -- .. . . 
--��?,529_ 

_ 555,938 .. 
559,349 ----· ···---
562,760 ---- ---
566,170 

20 

109 (k'R)11
·----------·-·· -

/WK'4 

0.8354 -- - -- - -
0.8286 ... -
0.8299 

0.8302 

0.8356 
0.8270 

.. 

---- --· - ·-· ---
0.8425 

0.8301 -

-

-

-
-

--
---

0.8314 

21 

(01h -- - ·-· 
6+8+12-4·-. -

/W 
0.771 

.. 

- --- . 
0.852 
0.857 .. 
0.834 
0.770 
0.686--· 
0.686 

l-o:a3�f '"----- ----- ---
0.819 

22 

(01)°11 . -- ... -
6'+8+12-4 - - -

/W 
0.377 

·- ·  
0.458 
0.463 .. 
0.440 
0.376 
0.292 

0.292 ---
0.440 - ----- ···•· - ----
0.425 --- -·· --- - --- - ----

0.8321 - - - ---- -·· 
0.8334
0.8342 

0.8272 

0.8193
0.8306.. 

? -------
-11.852 ---·····-
-11.838 --------
-11.820 

.. 

. . . 

0.811 
0.796 
0.787 . . -
0.870 .. 
0.966 
0.830 

? -•---•····-·· 
152.63 ------- -·-· · ---
152.43 --------
152.32 

0.417 ---- ·-
0.401 
0.392 .. 
0.476 ---- .. 
0.571 
0.436 

? --------------

152.23 --- .. ·•-. 
152.04 

---- ---
151.92 

------·- --·· --·-· ·

-

---- -------- -· ----· 

- -- ---- -----

23 

(01)''11 

6"+8+12-4 
·-· 

/WK-4 
-0.183
-0.103
-0.098
-0.122 

-0.185 

-0.269 

-0.269 

-
-

-
-

- - - ---
-0.121 --- -- - ----0.136 

·---

-0.144
�00"160

I - --

· -o:169.. 
-0.086 ... 
0.009 

-0.127
? - ---- - · · --· ------

151.67 
-15-1

·
'4a

·
-- ------·-

151.36 

. · ·-··---- -

24 
y 

109(5-13)---
19 

____ 
- . .  ·--· 

/WK-4 

0.84650 
0.84644 
0.84634 
0.84623 
0.84612 

0.84606 
0.84595 

--· - - ... 
0.84593 

.. 

-
---------

25 

X 

109(9)
-19 ·------- --• -

/WK-4 

0.013831 
0.013784 
0.013686 
0.013600 
0.013501 
0.013438 
0.013343 --- -- ·----
0.013274 ·-·•· - --- - - - --- --·-

0.84584 0.013195 ·- · -
0.84576 0.013119 

0.84568 0.013099 .... -. -- - · -·· - ---
0.84561 
0.84556 
0.84547 
0.84530 
0.84522 .. -

? 
----------
0.76239 ------- -- --
0.67398 

0.012974 
0.012913 
0.012872 

0.012783 
0.012724 
0.012656 - - - - -· -----
0.012570 - ---- ------
0.012526 
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26 

109 (k'R)11 

-

----··· 

. 
-
-
--

-
-

···-·-

/WK-4 

0.4281 
0.3848 
0.3556 
0.3578 
0.3779 

------

27 

(01h - ·-- -- --- ---
6+.8+15-4--- ---------

/W 
5.669 ---- . -- --· 

.. 

- · 

6.149 . . 
6.417 

·-

. -----·--· 
6.412 ·-
6.233 -· . - - . -

0.3394 6.235 ·-·· - -
-
- .... --- -- -------

0.3549 ------ -----
0.3094 --------
0.3009 

--·. -- ·-- -- --
0.2832 

6.508 --- -- ------7_.Q?_3_
7.156 ··-------------
7.369 -- ---- -- - ------· 

0.2561 
---➔- ...... ----

0.2298 ... 
0.1719 

7.694 ·-- - -------
7.938 -·· --- ·-. - ---
8.705 -· -· •·• ·--- ·-- -- ·-

0.0319 

0.0756 
-0.0124
-0.0425 --- -- ---- --. 
0.0182 --

-

-
·
-

-0.1708

10.386 
.. --9.861 -- --------

10.945 
----· 

11.280 ----------
10.553 

'---· 
12.822 

-----

--------

28 

(01)°11 --- ---- ·· · ·----6'+8+15-4 -----------

/W 
5.275 

-
. - ·--- - -·----

5.755 
---

6.023 ···- .. -- - --·- · 
6.078 ---·- ·•-·---
5.839 ·---· - - ·- ----·
5.841 ---- •·------· 
6.114 -----
6.659-- ----·· 
6.762 ---------

_6 .:.97 i__ 
7.300 ---
-
--- ---- - ---

7.544 --- -------
8.310 --- - __ _._
9.991 
9.466 

-
·
-• ---

- ---
10.550 -·---
10.885 

10.158 
12.427 

29 

(01)"11 ---------
6"+8+15-4 --------

/WK-4 

4.715 ------------
5.194 - -- --------
5.462 --

-
-
-
··· -·--

5.517---- --

5.278 ---- - -•--·--
5.280 --•·-• -
5.553 --- ----
6.098--·
6.200 ------
6.413 --·-
-
•----

6.738 
6.982 --- ·-.. ·- ---
7.748 ------
9.429 

8.904 ----- ----·--• 
9.988 

10.322 

9.596 
11.864 

-----· 

30 
y 

10\5-16) 
19 -·-----

/WK-4 

0.75419--------
0.75202 

---. -
- -- -- ----

25 

X 

109(9)
19 -----· .. ---

/WK"4 

0.013831 

: 

0.013784------- --- -· -
0.74959 ---·--- - ---
0.74705 - - -- --- -
0.74449 - --- --- -· -·-
0.74211 -- ------
0.73951 
0.73704 ----
0.73431 1------------
0.73157 ------- -
0.72879 

0.72578 ·-. --·- -- -- -
0.72274 ------- - -
0.71935 
0.71510 -
-
-
---------

0.71119 

0.70678 
0.70223 ------
0.69813 

0.013686 
o.ofaEioo
0.013501
0.013438

"0-:-6'13'343- -----·-----
0.013274-------
0.013195 ------· 
0.013119----- --·-· 
0.013099------- - -
0.012974 
0.012913 
0.012872 

0.012783-
0.012724 
0.012656--------
0.012570 --- - --- -
0.012526 

-

) 
l ' I 
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