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air from leaking into the reactor and helped indicate the flow rate of
the oxidizing or reducing gas. The reactor was located in the hood for
the purpose of disposing the exhausted hydrogen or oxygen. Safety
plate glass on the front of the hood provided protection in the event
of an explosive reaction between hydrogen and oxygen.

High-pressure storage cylinders served as a source of the
reactant gases. Gas pressure was reduced to 10 psig at the cylinder
regulator. A flame arrester and throttle valve after the regulator
further reduced the pressure so that the gas pressure in the reactor
was approximately 3 inches of water above atmospheric. A rotameter in

the inlet gas line was used to measure the flow rate.
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CLEANING PROCEDURE

Prior to placing the coins into the reactor, all foreign material
not chemically attached to the surface was removed in an ultrasonic
cleaner using soapy water. The coins were then rinsed in distilled water
and air dried. Then they were placed on glass wool and inserted into
the reactor. Room temperature oxygen from the storage cylinder initially
flowed through the reactor at a rate of 20 ft3/hr to flush the air.

After a two-minute flushing period, the oxygen flow was reduced to

1 ft3/hr and the Variac controlling the heater was set for a reactor
temperature of 300°C in the reaction zone. The initial oxidation cycle
lasted 30 minutes at 300°C and each subsequent oxidation cycle was
increased by an additional thirty minutes until the coins were clean.
Each oxidation cycle was followed by a hydrogen reduction cycle. The
total number of oxidation and reduction cycles depended on the original
condition of the coin. Three to four complete cycles were typical.

Following the oxildation cycle, the heater was turned off with
oxygen continuing to flow through the reactor. When the reactor tempera-
ture cooled to below 6000, the oxygen flow was stopped and the oxygen
cylinder replaced with a hydrogen cylinder. Similarly, room temperature
hydrogen initially flowed through the reactor at 20 ft3/hr to flush the
remaining oxygen from the reactor. Then the heater Variac was set for a
reactor temperature of 325°C. The duration of each reduction cycle was
approximately the same length of time as_the preceding oxidation cycle.
Observation of the coin through the glass reactor made possible the

shortening of the reduction cycle at times. After the reduction cycle,
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the heater was turned off while hydrogen continued to flow in the same
manner as the oxidation cycle. Upon cooling to below SOOC, the coins
were removed from the reactor and inspected with a microscope. The
condition of the coins determined 1f further oxidation-reduction cycl-

ing was needed.
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RESULTS AND CONCLUSIONS

Photographs illustrating the results of liquid cleaning and the
oxidation-reduction cycling method are given in Figures 2a through 2d.
All photographs were taken with 48-power magnification and show only a
small portion of the. flat surface of various copper pennies. Filgure 2a
shows the typical surface of a newly-minted penny. Figure 2b illus-
trates the removal of metal by liquid cleaners when used according to
the instructions. The top half of this penny was protected from the
cleaner with grease during cleaning. Figure 2c¢ indicates what can happen
to the surface of a coin when one tries to do a thorough job around the
lettering. The surface was highly etched. Figure 2d illustrates the
surface of a penny after having undergone three complete oxidation-
reduction cycles. The penny was initially oxidized to the typical brown
color through normal circulation. The lines in the photograph are from
scratches due to circulation rather than the cleaning process.

The oxidation of copper coins and subsequent reduction with hot
hydrogen proved to be a successful method of removing oxidation
products from the surface without damage to the coins. The oxidation-
reduction process is more uniform than most liquid cleaners as gases
penetrate the crevices in the design better than liquids. Unlike
liquid cleaners which remove a small amount of metal each time, the
cycling process can be used repeatedly without damage to the coin.

The proposed process is slower but several coins can be cleaned simul-
taneously. Disadvantages include the obtaining and setting up of the

apparatus and the strict adherence to safety precautions when mixing
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hydrogen and oxygen. A larger reactor would be necessary for coins
having a diameter larger than 9 mm.

Long range effects of the oxidation-reduction process were not
observed. Prior to cleaning any valuable coins, the tendency for
cleaned coins to corrode or reoxidize to an undesirable color should be
observed.

Coins can be ruined if the reactions take place at too high a
temperature. To prevent distortion of the coins, do not heat them
above the recrystallization temperature, which for pure metals is
approximately 40% of the absolute melting temperature [4]. The
recrystallization temperature for copper is approximately 370°C [5)
One experimental cleaning cycle at 450°C resulted in poorly cleaned
coins with severely etched surfaces. An extremely thin layer of copper
peeled off three different pennies. A silver dime also in the reactor
became copper colored. The metallic ions apparently became highly
mobile at the higher temperature.

Another point to consider before cleaning coins by any method
is the desired final color. Coins cleaned with the oxidation-reduction
method had a slight reddish-orange color rather than the yellowish-
orange color of newly minted coins. Upon exposure to the atmosphere
for several days, a slow change to the mint color was noticeable. Whether
coins over 100 years old should have the color of newly minted ones is
a matter of personal choice.

If the coin initially had an undesirable color, the oxidation-

reduction method would certainly improve its appearance.



A,

W.

=111~

REFERENCES

W. Czanderna, '"Magnetic Susceptibility Changes in Silver Powders
During Oxidation-Reduction Cycling," J. Phys. Chem. 71, 1967,
pp. 770-771.

S. Yeoman, A Guide Book of United States Coins, 22nd Ed.,
Western Publishing Co., Racine, Wisconsin, 1966.

N. Pease, B. Lewis and H. S. Taylor, Combustion Processes,

Princeton University Press, Princeton, 1956, pp. 160-174.

S. Clark and W. R. Varney, Physical Metallurgy for Engineers,
2nd Ed., D. Van Nostrand Co., New York, 1966, p. 358.

A. Lange, Handbook of Chemistry, 10th Ed., McGraw-Hill, New
York, 1961, pp. 246-247.




Rubber Stopper

Tape-Heater

1/4"
Copper Tubing

Nemnd
)

\

1
S

Q Hg
e Thermometer
a
o°
Beaker
Filled
with Water

Glass Reactor

High-Pressure Storage Cylinder

Fig. 1.

Drawing of Reactor

Variac

Rotameter

AL




~113~
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PROPCSITION II

The galvanic response of a Hersch detector [1] is related to
the concentration of oxygen of a gas sample passing through it. By
varying the load-resistance of the cell, concentrations of oxygen from
0 to 50,000 ppm may be correlated with the output of a one-millivolt
recorder. An equation is proposed which relates the load-resistance
of the detector to the response of a millivolt recorder for a given

concentration of oxygen.

INTRODUCTION

A Hersch cell is a specific and sensitive detector of oxygen
which offers higher sensitivities than possible with other types of
oxygen detectors. It consists of a silver cathode and lead anode in
contact with an electrolyte containing hydroxide ions. A carrier gas
continuously flows through the cell. Oxygen in the carrier gas is
reduced at the cathode and an electric current is generated according

to the following electrode reactions:

Cathode

Lo +H0+20° —> 200

2 "2 2
Anode

Pb + 3 OH - 2e —_— PbOzH_-!-HZO .

Hersch cells are normally operated either with continuous
flow through the cell of the gas to be analyzed, or with a "blank'

carrier gas and the oxygen-containing gas injected in pulses. For
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cells operated in the continuous manner, mathematical equations relat-
ing current output to concentration of oxygen have been proposed [1,
2]. Since oxygen constantly flows through the cell, an ammeter can be
used to measure the current output.

When the Hersch cell is operated in the pulse manner; small
samples containing oxygen are injected into the carrier gas, similar
to the injection method of gas chromatography. Current output of the
cell varies according to the concentration of oxygen within the cell.
Therefore the use of an ammeter is not feasible to measure the current
output, since it would be difficult to record the maximum or average
current. To measure the current a load-resistor is placed in the cir-
cuit of the Hersch detector and a millivolt recorder is used to
measutre the voltage drop across the resistor. In this manner, a per-
manent record of the output of the cell can be obtained.

Concentrations of oxygen up to 50,000 ppm can be analyzed when
small samples are injected into the carrier gas. Since millivolt
recorders are somewhat limited in range, different resistors are used
to keep the voltage drop within the limits of the recorder. The value
of the resistor which is placed in the circuit of the Hersch cell
affects the current output of the cell. The effects of a resistor are
determined by calibrating the cell using pulses of known concentrations
of oxygen. If several different resistors are used in the analysis of
widely-varying concentrations of oxygen, the present method of opera-
tion is to individually calibrate each resistor [3,4]. Since cell 1life

is difficult to determine except by actual service [5], the calibrations
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are normally repeated daily and sometimes more often for very accurate
studies. The proposed equation relating the output of a Hersch detec-
tor to load-resistance for a given concentration of oxygen will reduce

the amount of calibration data required to that for a single resistor.
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THEORY

The purpose of this section is to relaﬁe the effects of the load
resistance to the electrical output of a Hersch detector for a given
concentration of oxygen. It was assumed that the Hersch cell could be
represented by a current source. The internal resistance of the current
source is in parallel to the load resistor. Hersch [1] implied a simi-
lar circuit for the continuous-flow detector. In addition, it was
postulated that the cell current is proportional to the partial pressure
of the oxygen at the cathode. This relationship can be stated mathe-
matically:

i = kP (1)

where 56 is the partial pressure of the oxygen and k is the con-
2

stant of proportionality. For a particular cell operated at a

specified flow rate of the carrier gas, the partial pressure of the

oxygen is proportional to the concentration of oxygen in the injected

sample:
P. = k,C (2)
02 1 02
where C0 is the concentration of oxygen. Combining Equations (1)
2
and (2) yields
i = k, 002 , (3)

where k2 = k kl . The current produced by the cell is equal to the

voltage of the cell divided by the total resistance of the cell and

external circuit. Therefore Equation (3) can be restated:

E/Rtot = kz CO (4)
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where E is the cell voltage and Rto the total resistance of the

t
cell. The total resistance i1s related to the internal resistance and

load resistor by:

J./RtOt = (1/R+1/p) = (1 +R/P)/R (5)

where R 1s the load resistor and p the internal resistance of the
cell. Combining LEquations (4) and (5) yields
E = k, C, R/ (1L + R/p) " (6)
270
2
The peak height, H , of the millivolt recorder is a linear function of

the cell voltage and this relationship can be expressed:
R = k., E . (7)

Combining Equations (6) and (7), the proposed equation relating the
response of a millivolt recorder to load-resistance for a given oxygen

concentration is obtained:

H o= k, COZR/ (1 + R/p) (8)

where k4 = k2 k3 . The constant, k4 » is not a true constant, since
it is a function of the flow rate of the carrier gas, Hersch cell
design, and cell efficiency. For a given cell and flow rate, it does
remain constant provided the efficiency of the cell does not change.
The value of ké is obtained by calibrating the cell with oxygen
samples of known concentration. Even when the day-to-day efficiencies
of the cell vary, new values of k4 can be obtained by recalibrating

the cell frequently.
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The values of k4 and QP were obtalned by simultancously
solving Equation (8) using the data of the 1 and 1000-ohm resistors
listed in Table 1. In particular, values of the slopes of the peak
height versus oxygen concentration for the 1 and 1000-ohm resistors

?  und 3.04 x 10"-2 mv/ppm, respectively. Using

were 7.03 x 10
these data, the values of k4 and 0 were determined to be 7.04><10—5
mv/ohm-ppm and 760 ohms, respectively. Inserting these values into

Equation (8) yields

H=7.064%x10" Gy R/ (1 + R/760) . (9)
2

Equation (9) is applicable only for the particular cell used to obtain
the data listed in Table 1. Since the data of only two of the seven
resistors were used to obtain Equation (9), a good correlation with the
remaining five resistors would substantially support the proposed

equation.
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EXPERIMENT

The data listed in Table 1 were experimentally determined by
Blakemore [6]. A Hersch cell similar to the design of Phillips [4] was
used in the measurements. The relationship between oxygen concentra-
tion and recorder output was determined for seven different resistors:
1, 3, 10, 30, 100, 300 and 1000 ohms. Eight primary gas mixtures,
ranging from 20 to 37,390 ppm of oxygen in argon, were used for the
calibration. Each of the eight primary samples were further diluted
with argon to yield a larger variation in the concentration of oxygen.
Sample volumes of 0.2 cc were injected into the argon carrier gas
which flowed through the cell at the rate of 20 cc/min. Ninety-five

percent of the data were estimated to have an error of less than 5%.
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RESULTS AND CONCLUSIONS

The proposed equation which relates the load resistance of a
Hersch detector to the response of a millivolt recorder for a given

concentration of oxygen is

H = k4 CO2 R/ (1 + R/p) (8)

where the constant, k4 , and internal cell resistance, p , are functions
of a particular Hersch cell. For the cell and operating conditions used
to determine the data listed in Table 1, values of k4 and p were

calculated to be 7.04 X 10—5 mv /ohm-ppm and 760 ohms, respectively.

Inserting these values into Equation (8) yields

3 C, R/ (L+R/760) . (9)
2

H=7.04 x 10

Equation (9) was used to calculate the peak height of the millivolt
recorder as a function of the concentration of oxygen for the seven
different resistors listed in Table 1. The results of these calcula-
tions are represented by the solid lines in Figures 1 and 2. The
experimental data listed in Table 1 were also plotted in these figures
in order to compare the results.

The agreement between the calculated values and the experi-
mental values is well within the experimental error of the data. The
poorest agreement resulted from the data of the 3-ohm resistor. The
direction of the disagreement could be explained by a loss in cell
efficiency. Since the data of each resistor does agree with the

calculated values, the proposed equation would reduce the amount of
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calibration data required for this particular cell. The more general
expression, Equation (8), should apply to all cells of similar con-

struction.
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NOTATION
cc cubic centimeters
C02 concentration of oxygen in ppm
E voltage of cell
H peak height of millivolt recorder in
millivolts
i current of cell
k, kl, etc. constants of proportionality
mv millivolts
562 partial pressure of oxygen
ppm parts per million by wvolume
R load-resistor in ohms
Rtot total resistance of cell

o internal resistance of cell
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TABLE 1

EXPERTMENTAL HERSCH-CELL DATA

Resistance Oxygen Concentration Peak Height
(Ohms) (ppm) (mv)
1000 180 5.04
1000 | 138 4.26
1000 137.5 4,37
1000 140,5 4.35
1000 74.7 2.55
1000 73..7 2.39

300 20 #31L
100 117.3 «7:25
100 47.2 +319
100 | 135.5 794
30 180 .386
30 ¥17.3 .254
30 326 .656
30 398 « 717
30 172 .356
30 180 .375

30 135.5 274
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TABLE 1 -~ Continued
Resistance Oxygen Concentration Peak Height
(Ohms) (ppm) (mv)
10 770 .556
10 540 377
10 326 .229
10 940 .653
10 600 412
10 398 <247
10 1200 .824
3 3890 .782
3 3080 .626
3 2520 .510
4 2010 404
3 1200 .240
1 8260 .580
1 5620 +395

1 3140 .218
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PROPOSITION III

A design for a rotameter which can be used as a viscometer is
proposed. Design features significantly increase the normally unde-
sirable viscosity dependence of a standard rotameter. Mathematical

equations describe the viscosity relative to the position of the float.

INTRODUCTION

Since the 1940's rotameters have become increasingly important
in the measurement of flow rates of fluids. Design work has been pri-
marily in the area of reducing the dependence of the flow rate on
fluid properties [1,2,3]. In this study a rotameter has been designed
to take advantage of the viscosity dependence in order that it might
be used as a viscometer. Advantages of the proposed viscometer are
its ability to monitor the viscosity of continuous-flow processes while

maintaining simplicity in design.
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DISCUSSION

The proposed viscometer design is illustrated in Figure 1.
Features which separate the proposed viscometer from typical rotameters
are: (1) a streamlined float which has its wall parallel to the tapered
glass tube, and (2) a small-diameter rod which maintains the float con-

centric with the glass tube.

The equation relating the position of the float to the viscosity
of the fluild was derived by making a steady-state, force balance on the

float. The force balance yields:

Pé Aé - Pi Ai - J Pé sin 8 dA; Rl A; - prfgx (1)
Aé float
pressure drag gravity
where:
Aé is the cross sectional area of the top of the float
Ai is the cross sectional area of the bottom of the float
Pé is the pressure applied to Aé
Pi is the pressure applied to Ai
P; is the pressure applied to A;
Aé is the surface area of the sides of the float
A; is the surface area of the entire float
z is the coordinate-direction parallel to the taper of the
float
X is the coordinate in the vertical direction
T is the momentum £flux

rz
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is the volume of the float
Ps is the density of the float
g is the component of gravity in the x direction

L8] is the angle between the x and z coordinate directions

An exact solution to the above equation would be difficult. If the
taper of the glass tube is limited to a small angle, Equation (1) can
be simplified by assuming that the wall of the tube and the float form
coaxial, right-circular cylinders at each float position (See Figure 2).

Equation (1) then becomes:

1 et 1 - - -
12Fy = Pp) By Tog . = Y 5B, (2)
r=kR

where kR is the arithmetic average of the top and bottom radii of the
float, A12 the cross-sectional area of the float using radius kR ,

AS the surface area on the sides of the float, and R the inside
radius of the tube.

Equations describing the steady, laminar, Newtonian flow of an
incompressible fluid in the annulus of the above geometry have been

derived [4] and the results are:

(i) The average velocity

; 2
(P, - POR _ o _ a2
v = 1 2 1 k2_ 1-k 3
8n L. 1-k n(1/k)
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(ii) The volume rate of flow

4
(P, - PR L an R
Q = 1 2 (1 - kl*) = (i_l_(_l__ (4)
8n L gn(1/k)

(iii) The momentum flux

(P, = PR £ 1 - 12 |- R

R T - (5)
oE Ll R Vg ant1/1) 5
where:
P is defined as P + p g
Lf is the length of the float
n is the viscosity of the fluid

R is the inside radius of the outer, coaxial cylinder.

Substituting Equations (3), (4) and (5) into Equation (2) yields:

1 - k%

7 n(i/K))

3.2
2 b _ CL— &%)
R™ [ - %) - 0@y )

2
- 8n LfQ [k™ -

, R ] - - .
A1y - Pp) ViPre, (6)

A solution to Equation (6) is difficult to obtain since Pi

and Pé are affected by the acceleration and deceleration of the

fluid at the ends of the float. To obtain values for Pi and Pé 5
it was assumed that the pressures acting on each end of the float are
equal to the corresponding pressures at each end of the annulus. This

assumption is crude but the errors which are introduced will be

similar at each float position. Calibrating the viscometer with a
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fluid of known viscosity and determining all other viscosities relative
to the calibration will decrease the error.

If the pressures at each end of the annulus, as determined by
Equation (4), are used to replace Pi and Pé in Equation (6); the

following result is obtained

Bn QL¢ VI S T S D
B 3 2 4n(l/K) £PEBx T 512P B
R2 [{L. - k4) _ L= k") ] TR
n(1/k)
)
Since Vf is equal to the product of A12 and Lf , and since Rf is
equal to kR, the above may be rearranged to yield:
{—j;llléi- ] 1 TR (o, - P)
N7 Ta/K) _ IegtPy — PR
2.2 8Q (8)
1-kh-SLok)
n(1/k)

The left-hand side of Equation (8) excluding the viscosity, n , is solely

a function of the float position for a given viscometer, since
k = Rg /(Rf + x tan 8)

where Rf is the radius of the float and x the distance above the point

where the radius of the float and glass tube are equal. Equation (8) can
be expressed:

4
T Re(pe = P) 8
e (9

where
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2 =%
2 n(1/k)
F(X) = 7 9 .
4 (1 -kD)

For a given viscometer, it is possible to calculate the viscosity from
the position of the float using Equation (9), provided the flow rate

and density of the fluild are known. The accuracy of the calculated vis-
cosities would depend on the validity of the assumptions used to derive
Equation (9). For greater accuracy, the viscometer can be calibrated
with a fluid or fluids of known viscosities. The calibration parameter
can be incorporated into Equation (9) by adding a coefficient to the
right-hand side. The coefficient, which is possibly a function of the
position of the float and flow rate of the fluid, would be determined
experimentally. Therefore, Equation (9) would become:

C(x,Q) m le‘(pf - P s,

nFG) = % (10)

where C(x,Q) is the added coefficient. If C(x,Q) is first assumed
independent of the flow rate, C(x,Q) can be experimentally measured by
varying the flow rate of the calibrating fluid of known viscosity and
observing the changes in float height. If several fluids of known but
different viscosities are used in the calibration and the flow regulated
so as to position the float at the same height, the effects of the flow
rate on the added coefficient might be determined. Once the value of
the right~hand side of Equation (10) is known, the viscosity can be

determined from the position of the float.
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To illustrate the sensitivity of the viscosity to changes in the
position of the float, sample calculations were made. The calibrating
fluid had an assumed viscosity of 1 centipoise. The flow conditions of
the agssumed calibrating fluid were such that the right-hand side of
Equation (10) had a value of 100 centipoise when the observed position
of the float was 40 centimeters above the position where x = 0 . The
dimensions of the viscometer are those listed in Figure 1. Values of
the viscosity were computed for 20-centimeter incremental changes in

float height and flow conditions resulting in a value of 100 centipoise

for the right-hand side of Equation (10).
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RESULTS AND CONCLUSIONS

The equation relating the viscosity of a fluid to the position

of the float for the proposed viscometer is:

C(x,Q)Tng(pf - P) 8,

nF(x) = 80 (10)
where 2
k2 [ (1L - k%) ]
2 n(1l/k)
F(x) =
2.2
4 (1 - k
[A -k - n(1/k) ]
ke = Rf/ (Rf + x tan 9)
and

C(x,Q) 1is an experimentally determined coefficient.

Equation (10) is limited to a steady, laminar, Newtonian flow of an

incompressible fluid.

Solutions to Equation (10) were computed for a viscometer with
dimensions given in Figure 1. Results of the calculations are given in
Figure 3. These results indicate that the position of the float is

almost proporitional to the square root of the viscosity.
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NOTATION
A cross sectional area of float
As surface area of side of float
C(x,Q) experimental correction factor
8, gravitational force in x coordinate direction
‘k relationship between radii of coaxial right-circular
ey diibetEy Rinner = kRouter
Lf length of float
n natural logarithm
P Pressure
Q volumetric flow rate
R inside radius of outer coaxial cylinder
Vf volume of float
Vx average velocity in annular region
X coordinate representing vertical direction
z coordinate representing actual direction of flow in
annular region

0 angle between the x and y coordinate directions
n viscosity of fluid
o] density of fluid
Pe density of float
Subscripts

1 bottom of float

2 top of float

12 arithmetic mean of top and bottom of float
f float

side



