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ABSTRACT

The surface areas of sintered uranium dioxide pellets (individual pellets
ranging from 50 to 2000 cmz) were measured with a precision of 1.3% and a
reproducibility of about 4% with a BET adsorption apparatus, using krypton as

the adsorbate.

Powder samples (10 to 50 mg) of uranium dioxide, anatase, zirconia, and
ceria were measured with a precision of 0.5% and a reproducibility of about 3%.
An excellent correlation was found between the surface area and the average par-
ticle diameter, as measured with a Fisher Sub-Sieve Sizer. An equation,
relating the surface area(S) and the average particle diameter (D) [S = 1.67/D,

as compared to S = 0.547/D (if the particles were spherical)] shows the powder

has a shape factor of about 3.
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I. INTRODUCTION

A process for pulverizing uranium dioxide sintered pellets by oxidation-
reduction cycling, as a step in the reprocessing and refabrication of spent
nuclear reactor fuel, has been developed.1 The kinetics and mechanism of the
oxidation reactions have been studied in detail, for sintered uranium dioxide

pellets (93 to 99% TD) and for sintered uranium dioxide pellets that contained

various concentrations of fission-product oxides (fissia).

In kinetic studies, the rate of reaction is usually proportional to the solid
surface area; and, for a theoretical interpretation of experimental reaction rates,
in terms of statistical mechanics, or an absolute reaction rate theory, a know-

ledge of the true surface area is important.

It has been repor’ced2 that the process of sintering can be followed or
predicted on the basis of four parameters: genus, number, volume, and surface
area. It is believed that it is possible to correlate such properties as density,
strength, ductility, permeability, and various compacting and sintering controls,
by expressing them in terms of these parameters. It was emphasized that
different laboratories should specify, (a) the number of particles per unit mass,
and (b) the surface area per unit mass, for any powder metallurgical operation,

these being the most important variables,

It was therefore desirable to measure the surface area of uranium dioxide pow-
ders (that had undergone various oxidation-reduction cycles) which were to be
fabricated to sintered pellets, and correlate the surface area with particle size,
if possible. For these reasons, an apparatus for measuring the surface area

(10 to 1000 crnz) of sintered pellets was needed.,

In 1939, Brunauer, Emmett, and Teller® derived the equation:

X 1 (C-1X
7a-x " ve ' rve

’ (D

where

X = relative pressure, P/P , for the adsorbate,
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V = volume of gas (STP) adsorbed at relative pressure 4,

Vm = volume of adsorbate required to form a monolayer on the surface

of the adsorbent,

O
I

a constant, given by the equation

b
oMb EED/RT
ayb,

«(2)

The coefficient of the exponential is considered to be approximately unity;
E. = heat of adsorption in the first layer,

E, = heat of liquifaction of the adsorbate,

R = the gas constant,

r absolute temperature,

e and b = constants.

Equation 1 has become very useful for interpreting multilayer gas adsorption
isotherms, and has proved successful in the measurement of the surface area of
solid catalysts., Until 1943, however, at least a square meter of surface was
needed to make a BET measurement of any accuracy; and nitrogen, at -195°C,
was usually the absorbate. In 1943, Wooten and Brown' measured the surface
area of the oxides from radio tube filaments when the total sample had an area
of about 100 cmz. They used ethane and ethylene at -195°C and claimed about
10% accuracy. In 1950 and 1953, Rhodin®*¢

as 10 cmz) of single crystals, using a microgravimetric technique. This

measured the surface area (as low

technique has the disadvantage that very small samples must be used.

The technique developed and used for measuring the surface area of sintered
uranium dioxide pellets and uranium dioxide powders in this report is similar
to that reported by Rosenberg7 in 1956. He used krypton at -195°C, and was

able to measure the area of coarse germanium powders (as low as 50 cmz) to
1%.

There are many other techniques for measuring surface areas, but they
usually are not suitable for measuring small surface areas. An excellent review

and discussion on the various methods of measuring the surface area of powders 6

is given by Emmett.3

NAA-SR-5319
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To measure small areas, it is preferable to use an adsorbate (krypton at
—195°C,9 butane at -78°C10) with a vapor pressure so small that the number
of molecules left in the gas phase during the measurements is of the same order

as the number that are adsorbed.

It is demonstrated, in this report, that surface areas can be measured to a
s 2 .
precision of £+ 5 crm”. Repeated experiments on the same sample gave repro-

ducible surface areas to within 5%.
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R-1 VARIABLE DECADE RESISTOR
R-2 1000 -~ RESISTOR
R-2'1000-~-RESISTOR
R-3 VARIABLE DECADE RESISTOR

Figure 1. Schematic of BET Surface Area App
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Il. APPARATUS AND CALIBRATION

A schematic diagram of the apparatus is shown in Figure 1, photographs
are given in Figures 2 and 3. The column of bulbs (Item 2, Figure 1) was
calibrated by weighing mercury removed from the bulbs (between lines etched
on the capillary tube between bulbs). Table I gives the results of this calibra-
tion. The volumes were accurate to approximately 0.002 mf, or + 0.014%, for
the largest bulb (72.119 = 0.001 ml) and + 0.095%, for the smallest bulb
(1.9018 £ 0.0018 mf). Bulb No. 1 is the top bulb, No. 2 the next to the top, and

so on to No. 7. Bulb No. 7 was not calibrated.

A. THERMISTOR

To measure small areas by the BET method, it is ncessary to measure the
pressure of the adsorbate gas to high precision and reproducibility, without
involving a large dead volume for the pressure sensing device. A Thermistor is
particularly useful because of its high sensitivity and because it can be placed

in a very small dead volume.

A Thermistor is a small semiconducting oxide bead which has an electrical
resistance that falls off exponentially with rising temperature. If a current is
passed through the bead, it will heat up and its resistance will drop. The
temperature of the Thermistor will become constant when a steady state exists
between the heat input and the heat transfer away from the bead. Since heat
transfer is very sensitive to the gas pressure at low pressures (10° ~ to 3mm Hg),
it is possible to calibrate the Thermistor with resistance as a function of

pressure.

The circuit in Figure 1 is a simple wheatstone bridge arrangement, with the
Thermistor as one leg of the bridge. In Figure 1, R, is a precision variable

resistance (right hand decade box in Figure 2), R, and R, are 1000 @ wire-wound

2
resistances, and R, is another precision variable resistance (left hand decade

box, Figure 2). The Thermistor (Type GA 45J1, obtained from Fenwal
Electronics Inc.) had a resistance, at atmospheric pressure and room temperature,
of 45,000 Q, and had a dissipation constant of 0.7. The Thermistor used by
Rosenberg7 (L252-A) had a 40,000 € resistance, but only a 0.1 dissipation constant.
As a consequence, he was able to operate with a partially discharged lead storage
battery, whereas the Thermistor used here needed more power, two 12-volt

batteries in series.
NAA-SR-5319
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Figure 2. BET Apparatus

Figure 3. Glass Burette
and Sample Holder of
BET Apparatus
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TABLE I

CALIBRATION DATA FOR GLASS BURETTE

Deviation Mean Mean
Bulb Volume Mean from Mean Deviation Deviation/vol.
No. (mt) (mt)
(ml) (mf) (ppm)
1 1.9054 +0.0036
1.9008 -0.0010
1.9005 -0.0013
1.9006 1.9018 -0.0012 0.0018 999
2 5.9109 -0.0010
5.9098 -0.0021
5.9114 -0.0005
5.9124 +0.0005
5.9139 +0.0020
5.9132 5.9119 +0.0013 0.0012 203
3 10.489 +0.021
10.446 -0.022
10.408 10.468 0.000 0.011 1051
4 25.611 -0.001
25.611 -0.001
25.614 25.612 +0.002 0.001 39
5 50.449 -0.003
50.457 +0.005
50.450 50.452 -0.002 0.003 59
6 72.121 +0.002
72.118 -0.001
72.119 72.119 0.000 0.001 14
TOTAL 166.464 166.465 6
All Bulbs -0.001 0.001
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A Leads Northrop (Type K-3) universal potentiometer, in conjunction with
a galvanometer (Figure 2), was connected with a switch, so that the potential
across the Thermistor (V;;) or that across the bridge (Voff) could be measured.
To operate the Thermistor, R, was first set to 1000 &, Ry was set between
50 and 100 £, and the potentiometer was switched to read Vaff' The resistance
R, was decreased until the potential across the bridge was zero, at which point

the resistance of the Thermistor is just that of R,.

Under operating conditions (with R, and R, set), five variables can change
the potential across the bridge: gas pressure, ambient temperature around the
Thermistor, change in the battery voltage, change in the Thermistor character-

istics, and light.

In order to zero the instrument, so that a change in Voff would be due only

to pressure change, and so that the same value for Voff represented the same

pressure, some known reference pressure

must be used. The most reproducible and

oTree accurate pressure for this was zero pressure

(<10_5mm Hg).

.57700
Fach time the Thermistor was calibrated,

the system was evacuated to less than

57650
10'5mm Hg (below which the Thermistor is

THERMIS TOR GA 4541 very insensitive to pressure changes).

PRESS.(mm Hg)6 x1G"°

.57600

Figure 4 shows the effect of ambient

Vih
(volts)

1.57550 temperature on the Thermistor (approximately
2.50 mv/°C at 26.5°C). The calibrated
1.57800 column of bulbs and the Thermistor were

jacketed with constant temperature water

57450 which flowed from a constant temperature bath

circulating system (Harshaw Cat. No. H56585-

157400 L Type B), in at Point 12 of Figure 1 and out at

27TEMPERATZUSRE(°C\ 2 %
Point 130of Figure 1, back to the bath. The
Figure 4. Effect of Ambient
Temperature on Thermistor
Resistance that an error of not more than £ 0.02¢ was

temperature held constant to £ 0.02°C, so

due to ambient temperature fluctuation (max-

imum Thermistor sensitivity was 2 mv/p).

NAA-SR-5319
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A change in battery voltage could be adjusted for, by changing R,, and the
) O bulb that held the Thermistor was painted black to prevent any effect from photons.
Then, the only variable that would interfere was a drift in the Thermistor
characteristics. Rosenberg7 states that his Thermistor was very stable, after
two or three days of operation; and that, once he calibrated his Thermistor as a

function of pressure, it was not necessary to do it again.

Unfortunately, the Thermistor used in this work was not stable, and checking

two other Thermistors gave the same problem.

Two important problems were confronted with the system: (1) the tendency
to slowly drift in one direction, from day to day, and (2) the erratic short-time

fluctuations, during an experiment.

The erratic short-time fluctuations were due to the batteries. By replacing
the Thermistor in the circuit with a precision resistance, it was found that the
circuit was completely stable for long periods of time, which proved that the

slow drift was due to changing characteristics of the Thermistor itself.

Figure 5 shows a record of the Thermistor characteristics, over a period

of 160 days. A relationship between R, , Voff! Vry, and the battery voltage

140 T

Rl(ohrn) 0}

Q Vofflmv) A
Iy T

120

[ OPENED SYSTEM
X~—TO AR
o

@ Vih=15823 volts
Ry=72.90
TEMP=25.00°C
BATTERY 24 volts

DISCONNECTED T

@ V15860 volts
R3=65.610
T=2500°C
ADDED 6 volts
BATTERY 30 volts

0 Vip =1.577i volts
R=57.60)
T=26.90°C
CONSTANT volts
SUPPLY AT 36.00volts

0 Vip>l.6 volts
Ry=57.6 02
Vot=0.000 volts
T= 26.90°C

100 120 140 160 180 200
TIME (days)

o] 20 40 60

G Figure 5. Change of Thermistor Characteristics with Time
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(VB) is:
R1 = Voff/l + VB/I + VTh(Ré + Ra)/l » ---(3)
where
I = current passing through R, .

It is seen, from Equation 3, that if V;; is held constant and Vz changes only

slightly, R, is proportional to ¥, , as seen in Figure 5.

It is believed that, during Period 2 of Figure 5, R, had to be adjusted
because of a change in the battery voltage and the Thermistor resistance. At
68 days, the batteries were disconnected and replaced with a constant voltage
supply (the voltage was set at 36 v) which eliminated erratic pulsating fluctuations

in Voff during an experiment.

The Thermistor changes characteristics dramatically, with a sudden change

in input voltage, mechanical shock, or sudden large pressure change.

B. THERMISTOR CALIBRATION

The instability of the Thermistor made it necessary to calibrate each day

as follows:

1) After zeroing the apparatus, Valves 5 and 6 were closed, and a sample
of krypton was let into the system through the Needle Valve (Item 7,
Figure 1).

2) The McLeod gauge was used to measure the pressure at various
mercury levels, at the same time recording the value of Voff at
each level, as a rough check. An accurate calibration could not be
made with the McLeod gauge, because it was only reproducible to 5%,
and the volume change in making the McLeod reading was large enough

to make a significant pressure change during a measurement.
A precise internal calibration was made as follows:

1) The apparatus was zeroed, a krypton sample was let in to about 10y,
as read by the McLeod gauge, then the mercury cut-off valve (Item 4,

Figure 1) was closed.

NAA-SR-5319
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2) The mercury from Item 3 Figure 1 was raised, from bulb to bulb,

and the value of ¥V, measured for each bulb.

3) Starting with the initial McLeod reading as a reference point, a
precise value of the pressure could be calculated with the perfect gas

law, since the bulb volumes were known to better than 0.1%.

Only one McLeod reading was needed as a reference for the entire calibra-
tion. It was necessary to adjust the gas pressure with Needle Valve 7
(Figure 1) to a Voff value identical with a.previous value, each time a new sample
of gas was let in to raise the pressure. This was not too difficult to do, as very

fine control could be obtained with the Needle Valve.

C. DEAD VOLUME

If the mercury in Valve 5 (Figure 1) is raised to Point 14, and that in
Valve 4 is raised to Point 16, the unknown dead volume (¥, ) is that in the capillary
tube, in Valve 9, and around the Thermistor. A value for ¥V, can be obtained from

the equation:

P,V,-P,V,
P,-P,

where the V’s are the known volumes in the calibrated column of bulbs. Table II
gives the valuesfor the pressure at various bulb settings (i.e., bulb settings O,
1,2, and 3 represent a total known volume of 0, 1.902, 7.814, and 18.282 crn3
respectively, as can be seen from Table I). There are n{z-1)/2 combinations
for Equation 2, if » measurements were made. The six calculated values of

V;, and the standard deviation for these, are given in Table II. The average
value for ¥, is 6.340 +0.018 cm3.

NAA-SR-5319
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TABLE II

DEAD VOLUME DETERMINATION

Calculated Values

Butb (u) V_? =ty Va Standard
(cm*-) (cm?) Deviation

0 950.5 0 0 6.361 0.021

1 731.7 1.902 1392 6.330 0.010

2 425.4 7.814 3324 6.341 0.001

3 244.8 18.282 4475 6.307 0.033

6.331 0.009

6.373 0.033

Averagie 6.340 + 0.018

NAA-SR-5319
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I1l. PROCEDURE FOR A SURFACE AREA MEASUREMENT

To replace a sample without interfering with the vacuum system, the
mercury in Valve 5 (Figure 1) was allowed to rise until Float Valve 9 closed.
The 2-mm capillary tube between Points 11 and 10, Figure 1, was broken to
remove the sample from the previous experiment. Next, the 0.5-mm capillary
tube (Figure 1) was broken, so that a new sample (Note Figure 6) could be placed

in the system by glass blowing. After the new sample was on, a2 vacuum was

Figure 6. Quartz Sample Holders

pulled with a forepump, through Point 11 of Figure 1, the fine capillary was
sealed, and Valve 5 opened again to further evacuate (to less than 10_5 mm Hg).
Valves 5 and 6 were closed, a sample of krypton was let in, and Valve 4 was
closed. The fnercury was raised from bulb to bulb, and the value for Voff
recorded each time. The V,i values can be translated to pressure, and the
average number of moles of gas in the sample can be determined with the perfect
gas law. Valve 5 was then opened, and the pressure at various bulb levels was

measured again, which allowed an average value of the volume (VSC) from

NAA-SR-5319
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Point 14 of Figure 1 into the sample holder, to be determined. The system
was evacuated again, Valve 5 was closed, another gas sample was let in, and
the number of moles determined as before. Liquid nitrogen was placed around
the sample to Point 17 (Figure 1), then Valve 5was opened, and the pressure was
measured at the different bulb levels again. The difference between the number
of moles of original sample and the moles of gas left at each level allowed a
calculation of the number of moles of gas adsorbed at each pressure. The
temperature of the liquid nitrogen was measured with an oxygen vapor pressure
thermometer, as shown in Figure 2, The temperature of the liquid nitrogen
proved to be the same for all measurements (77.2°K or -195.9°C) and was
determined from the oxygen vapor pressure data reported by Farkas and
Melville.!! The vapor pressure of krypton at 77.2°K is calculated to be

2255.8 p, from an equation relating vapor pressure and temperature, by

Meihuizen and Cr ommelin.12

NAA-SR-5319
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IV. CALCULATIONS*

STEP I

To determine an average value for ¥SC, (volume to the left of Point 14 of
Figure 1), close Valve 5 to Point 14, close Valve 6, let in krypton, close Valve 4
to Point 16. Raise mercury to obtain the pressure at the ith level (P;) from 1 to
n levels. Open Valve 5 to Point 15 and again measure the pressure at the it

level (P/) from 1 to n levels.

z l\ P,
3

Vscavg= Vi _P:_ ]. n 9 0.0(5)
:

where V‘. ’s are the known volumes, including Vd'

STEP 1II

Obtain a gas sample and determine the average number of moles (Napg) -

Evacuate, close Valve 5 to Point 14, close Valve 6, let in sample, close 4 to

n
) PV,
avg = T n . "f(6)

i=1

Point 16, record P; as before.

STEP III

To determine the moles of gas (N,) left in the system after adsorption has
taken place at the pressures P; | place liquid nitrogen around sample, to Point 17,
open Valve 5 to Point 15, record P; as before.

1]

N, = P,V//RT . ()

i

Now

Ve =V + TV/T0.2 « V,, (8)

*Nomenclature used in this section is that set up to conform with the format used for the computer.

NAA-SR-5319
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where

ﬂ
"

ambient (Item 2 of Figure 1) absolute temperature,

77.2

temperature of the liquid nitrogen
Vy = volume of the sample holder with the sample in.

The manner in which values for ¥V, were obtained is given in Appendix I.

v

sc 1is the volume between Points 14 and 17 in Figure 1, and is obtained by

subtracting ¥V, from VSC.

STEP IV

To obtain the number of atoms of krypton [(CAP)N] adsorbed on the sample

and glass holder at pressure P;,
(CAP)N = (N, —N)6.02x10%2 . ()

STEP V

A correction must be made to account for the difference in the pressure at
the sample and that measured at the Thermistor, due to thermal transpiration.
Since the volumetric buret and the sample holder are maintained at widely
different temperatures, and are connected by a capillary tube with a diameter
(2. mm) close to the mean free path of the gas, thermal transpiration will, if
neglected, lead to high values for P; around the sample. A correction for this

has been worked out by Rosenberg’ in the form of an equation:

0.490
P, =P|l- : .(10)

> 37.2D% Py + 1445D Py + 1

where

Pp pressure, in mm Hg, measured by the Thermistor,

D

capillary diameter, in mm.

This equation is subject only to the restriction that PgpD > 0.07 mm Hg.

NAA-SR-5319
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STEP VI

It is now possible to determine values for P /P, and P /(P,—~P N
(Note Equation 1), where P, is the vapor pressure of krypton at liquid nitrogen

temperature and N is (CAP)N , as determined above.

A plot is made of P /(P ,—P )N vs P, /P, and a least squares slope and

intercept of the line is evaluated.
The number of atoms in a monolayer is

1

N = ———
Slope + 1

m
where [ is the intercept. The sample surface area is just
Area = N x 19.41 x 1078 ¢m? ..(11)

since it has been demonstrated? that an atom of krypton covers 19.41 x 10—16 cm2

on the surface.

NAA-SR-5319
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V. IBM 709 COMPUTER PROGRAM

Rather than plot values of Voff vs pressure for the Thermistor calibrations,

a fourth order polynomial expansion;
Pl = 0 +A1 Voff+ AzVoff2+A3V0ff3+A4V0ff4 .o-(12)

where the 4’s are constants, was found to correlate the data to the desired
precision (to 0.1%). To solve this equation for the five coefficients, at least
five independent measurements were needed. Usually nine or more calibration

measurements were made, which took about one hour each morning.

A complete program was written (on file at AI), in Fortran language, to
solve Equation 12 for the coefficients by a least squares approximation, and then
place all of the values of V,;; obtained during the experiment into this equation
and solve for the P,’s . The computer would then, with the P; values and corres-
ponding known volume values, compute all of the equations in Steps I through VI.
It would then make a least squares approximation of P, /(P -P; JN data,
determine the slope of the line and the intercept, solve for the area of the sample,

and report a root mean square error for each of these.

The computer would then plot the data P, /(P,-P,./)N on a cathode-ray tube
and photograph it. An example of the results returned from the computor for
a surface area measurement is given in Appendix II (Figure 14). Photographs of

the cathode-ray pictures are shown in Figure 15 of Appendix II.

NAA-SR-5319
18

o




VI. RESULTS
Figure 7 is an adsorption isotherm for krypton adsorbing on a 50-mg
sample of uranium dioxide at liquid nitrogen temperature (77.2°K). It is seen

that the curve is sigmoid, or a Type II isotherm,8

and showed no hysteresis on
desorption. This type of isotherm is generally ascribed to multimolecular

adsorption.
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PSC/PO

Figure 7. Krypton Adsorption Isotherm on 50-mg Sample (E)
' of UO‘2 Powder

The isotherm in Figure 8 is for a sintered UO, pellet that contained 0.5%
fissia (a mixture of fission product oxides). This pellet had a geometric density
of 10.16 g/cc and a wet density of 10,27 g/cc (wet density measured by water
displacement, 93.6% TD). The isotherm is similar to that for a UO2 powder, but
shows a hysteresis effect on desorption, which is generally associated with
capillary condensation. The pellet must have had many microscopic pores, with
diameters of the order of atomic dimensions. This property is further illustrated

in Figure 9, where the value of Vo” (pressure) is plotted as a function of time.
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Figure 9. Time for Adsorption to Attain Equilibrium

(Pellet G-2-C-11)
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Equilibrium was not reached for 100 min (2.75 x 1017 atoms of Kr adsorbed);
whereas, for powder samples, it was almost instantaneous. The effect shown
in Figure 9 is not due to a delay in the pellet coming to temperature equilibrium;
because repeated experiments, in which the pellet was left in the liquid nitrogen
for various lengths of time under vacuum (up to 2 hr), made no change on this
curve. It is believed that equilibrium was not reached for about an hour, for

most pellets, because of diffusion into the small capillaries.

A. SURFACE AREA MEASUREMENTS

Table III gives the results for a sintered uranium dioxide pellet (G-6-C-11),
uranium dioxide powders, anatase powder, zirconia powder,and ceria powder.
The first column in Table III identifies the sample; the second column gives the
slope and the rms error of the BET plot [P, /(P - P )N x 10" vs P /P ;
the third column gives the intercept and the rms error for the BET plots;
column four gives the surface area and the rms error, and the fifth column gives
the values for C in Equations 1 and 2. In Table III; the average values are given
with the standard deviation for the different independent experiments. The root
mean square error, recorded with each experiment, indicates the error involved
for a single experiment; whereas the standard deviation, given with the average
of a number of experiments on the same sample, indicates the reproducibility
of the measurements. It is seen, for the sintered pellet, that the rms error for
the slope of the BET plot averages about 1%, the rms error for the intercept
averages about 7%, and the rms error for the surface area averages about 1.3%.
It is interesting to note that the surface areas are nearly a function of the slope of
of the BET curve alone, since the intercept values are so small. For the sin-
tered pellet, the surface area was reproducible to about 4%. The average value
of C for the uranium dioxide pellet is 57.6 £ 11.1, as compared to 376 = 62 for
uranium dioxide powders. A larger value of the constant C is indicative of a

larger value for the heat of adsorption of the first layer.
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TABLE III

’

BET SURFACE AREA MEASUREMENTS OF VARIOUS MATERIALS

with Torch

BET
Sample Slolfg Interlcgzpt Surface Area C
(x1077) (x10°7) (cm?2)
UOZ Sintered 1.58 £ 0.04 0.04 + 0.003 1197 + 28 40.2
Pellet 1.65 £ 0.02 0.04 + 0,002 1144 = 14 42.2
1.72 £ 0.02 0.02 + 0.003 1114 + 14 87.0
Average 1.68 +£0.07 0.03 + 0.008 1129 + 39 57.6 £11.1
UOZ Powders
A 8.85 0.022 217 403
B 3.64 0.015 528 243
C 2.40 0.005 800 480
D 2.00 0.005 960 400
E 1.77 0.005 1280 354
Average 376 + 62
TiO2 Powder 2.21 £ 0.01 0.02 + 0.002 868 £ 6 111
2.04 £ 0.03 0.05 + 0.003 928 £ 15 42
2.06 £0.03 0.02 + 0,003 932 £ 13 104
2.16 +£0.02 0.009 =+ 0.003 895 + 10 242
Average 2.11 +=0.07 0.024 = 0.012 906 = 24 125 £ 59
Outgassed
with Torch 1.76 =+ 0.01 0.008 =+ 0.0006 1095 £ 8 221
ZrO2 Powder 0.846 + 0.003 0.004 =+ 0.0003 2281 £ 8 212
Outgassed 0.758 + 0.001 0.005 + 0.00006 2542 + 5 153
with Torch
_ CeO2 Powder 0.680 + 0.008 0.0200 = 0.0003 2786 + 30 35
Outgassed 1.00 +0.003 0.005 4 0.0002 1932 + 7 201




The average values of C for anatase and ceria are 125 * 59 and 35 respec-
tively, when the samples were outgassed at room temperature. Outgassing
samples at high temperature with a torch gave C values for anatase, zirconia,
and ceria of about 200 for all three samples. These values compare well with
those of Rosenberg7 for krypton adsorbing on crushed germanium (i.e, freshly
crushed germanium yielded a C value of 204, as compared to 116 for the same
germanium surface with a chemisorbed layer of oxygen). It is presumed that
the effect of high temperature degassing of anatase and ceria, and probably
zirconia, is to remove a chemisorbed gas, such as oxygen or water. Although
outgassing at high temperatures increased the surface area of anatase from
about 900 to 1100 cmz

1932 cmz. One uranium dioxide pellet was outgassed at 600°C for 15 min for

, it decreased the surface area of ceria from 2786 to
one experiment, and then outgassed at room temperature for the rest. The
surface area proved to be 20% higher for the high temperature outgassing. All
other experiments were outgassed at room temperature. It has been observed
that greater precision is obtained if the measurements are made in the lower
pressure range [ e. g., many of the measurements were made in the P, /P  range
of 0.05 to 0.3 (average rms error~1.3%), whereas the anatase, zirconia, and
ceria samples were measured in the P, /P, range of about 0.01 to 0.05 (average

rms error ~0.5%)1.

As was mentioned in the introduction, a number of uranium dioxide powders
had undergone various oxidation-reduction cycles (UOZ to U308), and there was
a need to correlate surface area with the number of oxidation-reduction cycles

and the average particle diameter of the powder.

It was important to determine whether an accurate relationship could be
found between the powder surface area and the average particle diameter, as
measured with a Fisher Sub-Sieve Sizer (gas permeability method). If such a
correlation could be made, the powder characteristics (as to diameter and specific
surface area) could be determined very quickly (~5 min/sample) with the Sub-
Sieve Sizer, and the surface area measurements (~2 to 3 hr/sample) would not
be necessary, in further powder metallurgical processing of uranium dioxide.
Figure 10 gives BET plots for the five uranium dioxide powders. It is seen that,

for P ., /P, <0.25, the experimental points fall on straight lines, as required by
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lines increase in a smooth manner with increasing particle size.

The lines converge at an intercept close to zero, and the slopes of the

Table IV gives

the average surface area, as a function of particle size and the number of

oxidation-reduction cycles,
particle diameter is given in Figure 11,

fall close to the curve (a least squares fit of the experimental points).

TABLE IV

A graph relating specific surface area and average

It is seen that the experimental points

CORRELATION OF SURFACE AREA vs AVERAGE DIAMETER

Number Sample Average Specific Average
Surface amp Surface Surface Particle
Powder Wt .
Area (mg) Area Area Diameter
Measurements g (cm?) (m2/g) (p)
UO2
A 2 48,6 217 0.446 3.09
B 2 50.0 528 1.05 1.58
C 4 49.9 800 1.60 1.12
D 3 50.6 960 1.90 0.77
E 2 50.0 1280 2.56 0.66
TiO2 10.1 1095 10.8 0.45
ZrO2 1 50.4 2543 5.05 1.32
CeO2 1 60,2 1932 3.21 0.96

The lower curve in Figure 11 is a theoretical hyperbola, relating the surface

area of spherical particles with particle diameter, the equation being

S =6/Dp ,

where
S = specific surface area
p = density of the material
D = diameter of the spheres
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For uranium dioxide, this equation becomes

S = 0.547/D , v(14)

which is the equation for the lower curve in Figure 11. A log-log relationship

for the experimental uranium dioxide data, averaged by the method of least

‘squares, 182

log S = (~1.086 * 0.089) log D + (0.2086 + 0.022) «..(15)

The data are plotted in Figure 12, the straight line being the least squares

fit,
From the experimental measurements
on uranium dioxide, an equation relating
040 surface area and average particle diam-
eter is:
0.30
3 S = Le8/D ...(16)
" oz
: Since the lower curve in Figure 11,
g 010 or Equation 14, represent the minimum
£ surface area for a particle of any
;f 000 diameter, a shape factor can be obtained
g as: 1.68/0.547 = 3.07. The shape factor
-0 indicates how much the actual particles
deviate from spheres. Microscopic
-020 examination of the powders show the
particles to consist of aggregates of
—0%0 smaller particles, The Fisher Sub-Sieve
By —02 0.0 02 oa " os Analyzer gives the average diameter of the

LOG( average particle diameter, s}
aggregate, whereas the surface area is

Figure 12. Log-Log Plot of Specific
Surface Area vs Average Particle
Diameter of UO.2 Powders is exposed) in the aggregate.

that of the individual particles (area that

NAA-SR-5319
26



To determine whether the correlation for uranium dioxide was applicable
in general (for other powders), powder samples of anatase, zirconia, and
ceria were measured. The results are given in Table IV, The anatase sample
was obtained from the National Bureau of Standards, with a statement saying
that the powder had a surface area of 10.4 mz/g £ 5%, as measured by the
BET method in a number of different laboratories. Measurement of a 10.1 mg
sample of this anatase (after outgassing with a torch, a standard procedure) gave
10.8 mz/g + 3% (Note Table IV). The average particle diameter of the anatase
proved to be 0.45u, which gave a surface area of 10.8 mz/g, using the uranium
dioxide correlation (Equation 15). This result is surprising, in view of the
extreme extrapolation. However, the zirconia (D=1.32 x) had a surface area
of 5.05 mz/g, as compared to 2.38 mz/g from the correlation; and ceria had a

surface area of 3.21 mz/g, as compared to 2.57 mZ/g from the correlation.

B. SURFACE AREA OF DUMMY QUARTZ SAMPLE HOLDERS

In order to determine the surface area of uranium dioxide pellets, it is
necessary to know the surface area of the glass holder, since the surface areas
of both the holder and the pellet are measured. For powder samples, the glass
surface area was negligibly small; whereas, for pellets, the surface of the glass
is of the same magnitude as the pellet. Since the pellets were sealed into the
glass holders (Note Figure 6) and were sealed to the system, there was no way
of measuring the holder area independently. To eliminate the surface area
of the pellet sample holders, three quartz dummy holders (with no pellets) were

made with different volumes (two of these are seen in Figure 6).

Results of the surface area measurement of these holders are given in
Table V. The first column in Table V gives the volume of the holder, the
second column gives the slope and rms error for the BET curve, column three
gives the intercept and rms error for the BET plots, column four gives the
surface area and rms error, column five gives the geometric area of the holders,
column six gives the roughness factors (BET area divided by the geometric area),

and column seven gives the values for the constant C.

If it is assumed that the quartz in each holder had the same roughness factor,
it is seen, from Table V, that some other factor is influencing the measurements,

since the calculated roughnessfactors decrease with increasing volume. A check
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TABLE V

DETERMINATION OF SURFACE AREAS OF DUMMY QUARTZ SAMPLE HOLDERS

Holder BET Geometric
Slope Intercept Surface Roughness
Volume 17 17 Area C
(x1017) (x1011) Area 2 Factor
(cm?) 2 (cm*%)
(cme)
1.60 1.10 £ 0.02 0.02 + 0.003 172 = 3 23.1 7.5 51
0.97 + 0.04 0.08 + 0.007 183 = 8 7.9 13
1.11 £ 0.06 0.04 + 0.016 180 £ 10 7.8 29
Average 178 + 4 7.7 31
2,17 1.71 £ 0.12 0.005 £ 0.019 113+ 8 25.0 4.5 34
2,90 £0.14 0.08 = 0.029 65 + 3 2.6 37
2.51 £0.20 0.09 % 0.045 75 £ 6 3.0 29
4.21 £ 0.36 0.01 + 0.088 46 + 4 1.8 42
2,42 £0.14 0.05 + 0,039 78 £ 5 3.1 49
2.26 = 0.21 0.09 = 0.058 82 £+ 8 3.3 26
Average 77 15 3.0 36
2.97 3.80 £0.38 0.21 + 0.005 48 £ 5 28.3 1.6 19




of the possibility that the problem might be in the correction for gas volume

at liquid nitrogen temperature is as follows. In Table VIII of Appendix II, it

is seen that an error of about 0.2 crn3 in the measurement of the holder volume
changes the surface area determination by about 40 crn2 [i.e., the 2.17 cm
holder would have to be low by 0.6 crn3 (1.57 cm3) to yield a roughness factor

of 7.7]. Since the holder volumes were measured to £ 0.06 cm3, the problem

does not lie here,.

There is a possibility that the different glass holders did have different
roughness factors, and that Table V is entirely correct. It can be seen, in
Figure 6, that the holder on the left (Volume = 1.60 cm3, Table V) had more heat
treatment during glass blowing than the one on the right (Volume = 2.17 cm3,
Table V) by the whitening effect on the outside surface. The larger holder

(Volume = 2.97 Cm3) although not shown in Figure 6, looked much like the

)

central sample holder in Figure 6.

Most of the holders containing pellets had gas volumes of about 2.7 cm3;

so that, as a good estimate, a value of 2 was used for the roughness factor of

the quartz.

Rosenberg7 reports a roughness factor of 1.8 for Pyrex glass. His value

of C for quartz was 48, as compared with an average of 31 or 36 in Table V.

A good estimate of a pellet surface area was made by subtracting the
surface area of the glass holder, using a roughness factor of 2 (or about

70 crn2 in most cases).

’

C. SURFACE AREA OF UO
OXIDATION RATES

> PELLETS, USED TO CORRELATE

In the introduction, it was mentioned that a prime purpose for the surface
area device was to measure the true surface area of uranium dioxide pellets,
so that the rates of oxidation could be correlated. It is of vital importance to
know the surface area available for reaction with a gas, for heterogeneous,

gas-solid, reactions, if a theoretical interpretation is to be made.

Table VI gives the surface area and roughness factors for uranium dioxide

pellets that had been surface oxidized at 362°C and 590 mm Hg oxygen pressure.
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The first column in Table VI identifies the pellet, the second column gives the

number of oxidation-reduction cycles the pellet had undergone (oxidation was Q

allowed to not more than 0.5 mg of oxygen pickup on the pellet surface and was
then reduced with hydrogen), the third column gives the average (3 or 4 measure-
ments) surface area of the pellet, with the standard deviation, and column four
gives the roughness factor for each pellet (the pellets weighed approximately
16.5 g, and had a geometric surface area of 7.7 cmz). These surface areas

were used to correlate the rates of oxidation for the various pellets which are

reported in another technical report.13

TABLE VI

SURFACE AREA OF UOZ PELLETS

Number of BET Pellet
. . Roughness
Pellets Oxidation- Surface Fact
Reduction Area (ac )or
Cycles (cm?2) f
G-4-C-7 1 69 = 17 9
G-3-C-12 6 150 = 8 19
G-2-C-11 14 388 + 30 50
G-1-C-12 26 480 + 40 62
G-1-C-11 19 753 — 98
G-6-C-14 0 810 + 20 105
G-6-C-11 20 1061 + 40 138
G-5-C-12 26 1918 + 103 249

* The pellets had a geometric area of 7.7 cm? and were oxidized with pure oxygen at
590 mm Hg and 362° C,

NAA-SR-5319
30



v

Vii. SUMMARY AND CONCLUSIONS

A gas adsorption apparatus has been built to measure the surface area of
sintered pellets and powder samples., The apparatus was of the conventional
burette mercury type, but a Thermistor was used for precise pressure measure-

ment (0O to 2000 ).

Sintered uranium dioxide pellets, with surface areas between 50 and

2000 cm?,

of about 4%. The surface area of powder samples of uranium dioxide, anatase,

have been measured with a precision of 1.3% and a reproducibility

zirconia, and ceria, as small as 10 to 50 mg, have been measured with a

precision as high as 0.5% and a reproducibility of about 3%.

A correlation was made between the surface area and average particle
diameter of a set of uranium dioxide powders that had undergone various
oxidation-reduction cycles. It was concluded that an excellent correlation exists,
and that a powder surface area can be accurately predicted by rapid measure-
ment of the average particle diameter (~5 min per sample) with a Fisher

Sub-Sieve Sizer.

Measurement of the surface area of sintered uranium dioxide pellets allowed

a comparison of oxidation rates, as a function of true surface area.

The goal of high precision has been accomplished. From 2 to 3 hr are
required to make the BET measurements, and all of the computations are made

by the IBM computer in less than 1 min.
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APPENDIX |
METHOD FOR DETERMINATION OF VOLUME AVAILABLE TO GAS IN SAMPLE HOLDERS

It is seen, from Figure 6, that an accurate determination of the volume in

a sample holder cannot be made from the holder geometry.

Figure 13 is a drawing of an apparatus used to measure the surface area
of powder samples by the Innes Method!® An apparatus similar to this was used,
with the exceptions that the constant temperature bath was not necessary, and
the samples (as shown in Figure 6) were attached with Tygon tubing, rather

than a ground glass joint.

PRESSURE TO VACUUM
TRANSDlﬁE\R /— CONSTANT TEMPERATURE

GAS IN WATER BATH

—VACUUM VALVE

VACUUM NEEDLE VALVE -
SAMPLE -

TRANSDUCER INPUT—]

VOLTMETER HE
ON-OFF SWITCH ——_| \
\
INPUT VOLTAGE o L WATER IN
POTENTIOMETER /) @? o (N o
N @\ g/\ N
CALIBRATION SWITCH — \- ZERO ADJUST

Figure 13. Surface Area Measuring Device

The pressure in the system could be recorded, as a function of time, with
a pressure transducer (Statham PA 130-25-350) connected to a Leeds Northrup
variable span recorder. The transducer pressure range was 0 to 25 psia, and
its calibration factor was 188.6 pv (open circuit) per volt per psi. It was
necessary to have a constant input pressure. To accomplish this, a low pressure
regulator was attached to a nitrogen tank. On the lower pressure side of tﬁe
regulator, a precision pressure gauge was connected (Ashcroft Laboratory

test gauge: 4-1/2-in. dial, 0 to 30 psi, Cat.No. 1082A), and then connected to the

inlet tube (Figure 13). A forepumpwas connectedtothe vacuum outlet(Figure 13). e
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The procedure for measuring the volume in a sample holder was as follows:
G a sample holder, similar to those in Figure 6, was attached with Tygon tubing
and evacuated (<10p). The valve to the vacuum pump was closed, and the
system was tested for leaks by watching the recorder; if the recorder remained

at zero, there were no leaks,

Next, the gas inlet needle valve was cracked just enough to let the pressure
rise at a suitable rate. It was found that, if a constant fore-pressure was
maintained, the pressure would rise between 0 and 100 mm Hg with a constant
reproducible rate. Once the intake needle valve was adjusted to give the proper
rate of pressure increase, it was not touched until the measurement was

complete.

The intake needle valve allowed the gas to enter at such a slow rate that
the system could be evacuated without closing this valve. The rate of gas inlet
was measured, first with the sample holder, then with a known volume glass
holder, and then with a cap. This was repeated two or three times, to give
an average value. An example of the determination of a sample holder volume

is as follows:

Let V,,; be the volume of a glass tube calibrated by weighing it with and

without water.
Let V, be the volume of the sample holder.

Let V, be the volume in the system between the needle valves and down to

where the sample holder is attached.

The calibrated volume was 3.675 + 0.003 cm3. The rate that the nitrogen
entered the system was assumed to be constant, with a constant fore-pressure

and a constant needle valve setting. Then, from the perfect gas law,

dn dP dP

c cal
RT?{ = ch— = (Vc + VCGI)T -00(17)
where
R = gas constant,
T = absolute temperature,
dn/dt = rate gas passes the intake needle valve,

@ t = time.
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Now, P is directly proportional to the voltage, as read from the recorder

chart paper, so let e
dmv  KdP
— I e— = R ene 18
dt dt (18)
where
mv = millivolt reading from the chart paper

K proportionality constant,

so that R is the slope of the line on the chart paper. It can be seenthat

Equation 17 can be written

Vc Rc = (Vc + Vcal) Rcal ..(19)
or
v o v, (20)
= . o l s
‘ Rc - Rcal ce

where R, and R ,; are the slopes of the lines on the chart paper during the

time the cap was on and the calibrated volume was on, respectively.

Now
V.R, = (V,+V,) R, .(21)
SO
R - R,
V= R v, _ o)

For the holder containing a UO2 pellet (G-5-C-12),
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lst 2nd 3rd
Measurement Measurement Measurement
R, =0.909 0.909 0.926
o = 0.222 0.222 0.222
R, =0.272 0.266 0.266
Then
0.222
V = —————— x 3,675 = 1187 cm3 .
¢ 0.909 - 0.222
and
(0.909 - 0.272) s
Vh = x L187 = 2.787 cm” .
0.272
An average value for the three measurements is Vh = 2.847 + 0.040 cm3.

Table VII gives the results for a number of sample holders with pellets

and also the three dummy glass holders.

TABLE VII

VOLUMES OF QUARTZ SAMPLE HOLDERS

Holder Vi
with Average
Pellet 1st 2nd 3rd 4th 5th
G-5-C-12 2.787 2.877 2.877 2.877 - 2.847 +£0.040
G-6-C-11 2.333 2.311 2.299 - - 2.314+0.012
G-2-C-11 © 3,770 3.770 3.771 - - 3.770+£0.0003
G-1-C-12 2.693 2.661 2.727 3.101 - 2.796 £0.153
G-6-C-14 2.916 2.935 3.101 2.727 2.757 2.887+0.116
G-6-C-13 , 5.234 - - - - 5.234
G-4-C-7 1.783 - - - - 1.783
Small Dummy
Quartz Holder | 1665 | 1.565 - - - 1.615+0.050
Dummy Quartz
Holder 2.17 - - - - 2.17
Dummy Quartz
Holder 2.97 2.83 2.73 - - 2.84 +0.08
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APPENDIX I

EFFECT OF EXPERIMENTAL ERRORS ON SURFACE
AREA DETERMINATION

To determine the effect of experimental errors on the final surface area
determination, experimental data from a given experiment were sent to the

computer a number of times with only one variable change each time. Table VIII

gives the results of these computations.

From Table VIII and other data, it is seen that the effect of experimental
error increases rapidly as the surface area decreases below about 100 cmz.
It should be pointed out that the holder volume (V;) is corrected for liquid
nitrogen temperature by multiplying by 300/77.2 X 4, which magnifies an error
in ¥V, by a factor of 4. Then a 7% error in V¥, is equivalent to a 28% error in
V, or ¥SC. Even so, the error in the calculated surface area of 80% is much

higher, for the low surface area glass holder, as compared to the equivalent

error for the 135 cm? surface (7 x 2) of 14%.

A change in the vapor pressure of krypton of 0.7% changed the calculation

of the surface area by only 0.1%.

Switching Thermistor calibration data changed the calculated surface area
by 2%, in two cases, and by 16 and 21%, in two other cases. The worst problem
encountered in this study was the instability of the Thermistor., It may be that
a Thermistor with a dissipation constant of 0.1, with a lower power requirement,

may give better stability, as found by Rosenberg.7

NAA-SR-5319
36




TABLE VIII

EFFECT OF ERRORS ON CALCULATED SURFACE AREA

Vd (em?®)
Vh (Cma)
P, (w)

day
day

day

Change in Surface Area

Change in Measured Variable Calculation
(cm?)
From To E(x;/:)or From To E(I;/:)or
6.340 6.040 5 135 132 2
2.97 2.77 7 48.4 86.5 80
2255.8 2270 0.7 1893 1895 0.1
Switched calibration data with those of another 556 568 5
Switched calibration data with those of another 473 461 >
Switched calibration data with those of another 969 835 16
Switched calibration data with those of another 1053 871 21

day
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LEAST SGURRES APFROXIMATION BY FOLYHOMIRL OF OROER 4 7O 2 FOINTS
By THE METHAD OF FRACTIGHAL RESTDUALS

_HBRMAL EQUATIOHNS

2.063698E-04 Ga 18901 6E-02 2.24TEME N 1.011634E 04 5.551940E 06

2.990770E-02 . e - ST
~ G 183016E-02 2.247TH96E O 1.011654E 04 5.581540E 06 3.647820E 0%

1.399350E O

2.24769GE 01 1.011684E G4 5.581540E 06 I.547820E 09 Z.715592€ 12

6,833384E 03 e e -

1.011G684E 04 S.581540E OF 3.647320E 02 2.715598E 12 2.225224E 15

4.0838566E 06

5.581540E 06 3.647E20E 09 2. 71559QE 12 2.229224E 13 1. 933821E 12

2.863818E 09

INDEFEMDENT DEPEMDENT FRACT IONAL
VARIABLE VARIABLE RESIDUAL
922000E 02 1.00000CE 02 1.000232E 02 -3 S0E-06
3.089000E 02 1.71G000E 02 1.713762E D2 ME~DG
5, 250000 02 3.440000E 02 3. 400 S1E 02 ISEE-05
Z.1130008 02 1.728000E 02 2 - ZE-06
4. T50000E 02 2. 964D00E 02 . 02 3126E-05 ~
02 S.940000E 02 a2 ‘QfE Q5
02 2. 960000E 02 0z
oz 5.0230000E 02 oz
0z 1.013300E 03 03
INVERESE MATRIX OF NOFMAL EQUATION CCEFEICIENTS . e

=1 21 22TE-O1
SE-03

06
o4

U& TE-10é
- 1. 96 2E-0% e
g, quTCPE -GS J9E-12

CHECK MATRIX, SHOWLD BE THE IDENTITY MRTRIX

1.000141E 00 2.242575E-D4 6 $85150E-Q4
2.242575E-04 9.998727E-01 2E-Q4

4.455150E-04 4,358732E-04 TO3E QO
3.787132E-04 4., 727763E-04 INEE~Ca
2.T293T7TE-04 SHOEQMTE=Q4 . R.I4TISVE-D4

THE DETERMIMANT OF THE HORMAL EQUATIAH CREFFICIENTS IS T 49461 2E-14 ©10,0E -30

THE NUMBER OF ITERATINMES FOR INVERSION IS A

Figure 14, Example Application of IBM Program for Measurement of
Surface Area of Sintered UO2 Pellet (G-5-C-12)
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COEFFICIENTS OF THE LERST SQURREs POLYNBMIAL
IN ORBER OF ASCENDIHG FOWERS OF THE INHDEPENOENT WARIAELE..

COEFFICIENT RMS ERROR

~7.596484E 00 5.211515E-02
4. 826L60E-01 5.131663E-04
1340126506 1,06930633E-0¢
2.237545€-07
1. 006165E-12

-5.244049E-09
2.191314E-10

THE RMS DEVIRTION BETWEEN THE OBSERVED FUNCTIAN R
AND ITS CRLCULATED AFFROXIMATION 12 1.536343E-05

FUHCTIGN
37951SE-0S

THE RMS DEVIRTION EBETWEEM THE TRUE
RND THE OBSERVED FUNCTION IS 2.

COMFUTAT JQH OF FREZSURE FROM POTENTIAL MERSLUREMENTS

FRESSURE
CMICRONSD

FOTENTIAL
CHMILLIVALTSS

t.10400E Q2
9.65000€ 02
6. 97700E 02

o oo
[ RN 78]

T PBTENTIAL T PRESSURE
2.14700€ 02 T6.58283E 0z 4.77263E 00
i B  T.39300E 02 B S, 620206 02 4.7675SE 00
S. 3.84a72E 02 4, 740058 00
YSC RVERAGE = &, 75020E A0

FOTERTIAL . PRESSURE . M
- 2.07200€ 02 7.92706E 02 2. 14298E-06
S.E1TO0E 02 3.92504E AZ 2 12TD3E-05
7300E 02 2.27S&6E 02 2.11657E-0¢

H AVERRGE =

POTENTIAL H
T 4,67800E 02 0z 3.05704E-0Q7
__4.5OG00E 02 02 3.18672E-07
3. 99700E 02 0z 3.43533E-07
3., 3S600E 02 62 3.56443E-07
2.52800E 02 1.39100E 02 4.57650E-07
1. 7T9600E 02 8.37539E 01 S.44141E-07
1.31800E 02 6. 10954E O1 6.11531E-07
e R I PATENTIAL PRESSURE J— -
$,67SD0E 02 2.90990E 02 1 13
4.50000E 02 2.7G6427E 02 1 15
3.99700E 02 2.3G9S5E 02 1 18
2.35600E 02 1.89955E 02 1 18
2.52800E.02. .. _1.341Q1E. 02__ 1. 00507E 18
1.79600E 02 $.87829E O1 9.54003E 17
1.318008 02 5. 10954E 01 9.13424E 17

Figure 14. (Continued)
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P4

PSC

FSC/PZRO

PS

C- CPZRO-PSCON

2.90990E 02
2.70427E Q2

2.819¢1E 02
2.671923E Q2

1.23339E-01
1.17447E~01

1.28900E-19
1,22119E-19

2. 35955E 02
1.89955E 02

1. 34101E N2
8.87389E M
6. 10984E 01

2.27137E 02
1.79411E 02
1.22797E 02
7.73%503E O1
5.02801E 01

T2 BBE20E-02

9.98404E-02

5.39768E-02
3.40002E-02
2.21011E-02

1.03488E~19
8.16194E-20
S.GT122E-20
3.68939E-20
2.47425E-20

CATHAODE RAY TURE

SCALE FACTARS ARE

1.0E 01 FOR THE RESCISSA AND
o 10.0E 12 FOR THE ORDINATE
T T T Ueseopzre FSC CPZRO-PSCIN L.5. RESULT
1.17447E-01 1.22119E-19 1.21212E-19
9.98404E-02 1.03483€E-13 1.0328329E~-19
7.83620E-02 2.16194E-20 8.24014E-20

5.39768E-02
3.40002E-02
2. 21011E-02

5.6T122E-20
3.68929E~-20
2.47425E-20

S.69838E-20
3.65799E-20
Z.44262E-20

RESIDUAL

_3.06363E~22

-3.40379E~22
-7.81942E-22
~2.V1528E~22
3.14095E-22
3.1628TE-22

~ THE SLOPE IS
_.AND_ THE INTERCEPT 13

1.8522E-21

1.0214E-13 WITH AN EMS ERROR OF 4, 7372E-21
WITH AN RMS ERROR OF

3.9997E-22

THE ARER I5
_RHMD_THE RMS ERROR IS

CATHADE ERY TUBE

1.8959E 03 SQUARE CEWTIMETERS

£.308GE 00

ZCHLE FACTARS BRE

10.0E-04% FOR THE
10.0E-04 FOR THE

E3F EXIT S

RESCIZER AHD
ARCIMATE

THIS IS @bl THE QUTPUT FAR

TH

1
i

o

JAE

534

LINES

Figure 14.

(Continued)
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a. Thermistor Calibration

g..

b. BET Surface Area Plot

z
3.
3
B
2
g

Figure 15. Photographs of Data on Cathode-Ray Tube
(The experimental points are on the lines, the plus signs (+) only
identify the location of these points)
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