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PURPOSE 

The purpose is to obtain a technical measurement of 

the effect of a magnetic field on the rate of corrosion 

of steel wool by dissolved oxygen in water. Measurements 

are made at two temperatures, 20°c. and 65°c. 

The low temperature rate is determined by an oxygen 

absorption method; the 65°c. run uses the weight gained 

method. The runs are made in quadruplicate and submitted 

to statistical analysis. 
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HISTORICAL SKETCH 

"The close relationship between electricity 
and chemical affinity on the one hand and that 
between electricity and magnetism on the other 
early raised the question whether magnetism would 
alter the character or degree of1a chemical re­
actiop. As early as 1881 Remsen observed that 
magnetism had a remarkable action on the deposi­
tion of copper from solution of its salts on an 
iron plate. In 1886 Nichols2 further investi­
gated the action of acids on iron in a magnetic 
field, and in 1887 Rowland and Loues BellJ read a 
paper at the Manchester meeting of the British 
Association (September 1887) on An Explanation of 
the Action of a Magnet on Chemical Action. They"' 
explained the protectio'rlof iron from the chemical 
action of hydrochloric acid in lines around the 
edges of the poles by making use of the fact that 
the force acting on the particle in any direction 
is proportional to the rate of variation of the 
square of the magnetic force in that direction. 
'This rate of variation is greatest near ~~e edges 
and points of a magnetic pole and more work will 
be required to tear away a particle of iron or 
steel from such an edge or point than from a 
hollow. This follows whether the tearing away is 
done mechanically or chemically.' •..•.. 

Alexandre De Hemptinne in 1900 published an 
interesting paper in which he showed that although 
theoretically there is an effect of the magnetic 
field, experimentally it is too small to be of 
much consequence." 4 

However, there have been workers in the field who have 

found experimentally that there is a sizable effect of a 

magnetic field on chemical reactions. H. Schmid and G. Muhr5 

found that carefully purified styrene when placed in a mag­

netic field of 16,000 gausses and maintained at 800C. for 

:eight hours polymerized, giving 0.56 percent polystyrene. 

Without the magnetic field but with other conditions the 

same, 4.9 percent polystyrene was formed. A. V. Solov 1 ev6 

found that 'the reaction of nitric acid on iron plate in a 

-2-
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magnetic field is different than without the field. Bhatnagar 

and Mathur? carried out critical experiments on fourteen 

different homogeneous reactions and found that there was an 

effect of a magnetic field. They noted that the velocity of 

reaction is accelerated, unaffected or retarded by a magnetic 

field according as {1X.~ ~ {i'l::M where (,:XM is the sum of 

the molecular susceptibilities of the final products, and 

{i~" is the sum of the molecular susceptibilities of the 

initial substances. 

There are reactions which are catalyzed by magnetized 

catalysts, such as the catalytic conversion between para­

hydrogen and ortho-hydrogen by nickel wire. Ogawa and Tada8 

report that the activation energy of the ortho- para- hydrogen 

conversion over nickel was 3000 calories for unmagnetized 

and 6000 calories for magnetized catalyst. For the hydrogen 

plus ethylene reaction, they found that at 150-2oooc. the 

magnetic mechanism acted on the ethylene, but not on the 

hydrogen. 

There has been some work on reactions of iron salts in 

solution. and also on reactions of various acids on metallic 

iron, but nothing on the most common reaction of iron, i.. e., 

corrosion of iron by oxygen saturated water. 

-3-
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THEORETICAL CONSIDERATIONS 

General Magnetics. 

There are many theories on the causes of magnetic phe-

nomena, most of them variations and refinements on the basic 

premise that the magnetic properties of matter depend upon 

the electron configuration of the molecule. The most success­

ful theories are those of Weber9 in 1854 and EwinglO in 

1890. Weber's hypothesis is that the molecules of iron and 

steel are permanent magnets capable of being turned round 

their centers. The molecules are magnets becaus,.1 thr-!y have 

electrons which are spinning around the center of thr:J molecule 

and due to this motion develop a magnetic field. Ewing's 

tnaory extends the theory of Weber to postulate that there is 

a mutual magnetic acti.on between the molecular magmjts. 

Weber's and Ewing'~ theories are concerned with the nature 

of magnetism ahd are not applicable to predicting the effect 

of a magnetic field on a chemical reaction. 

The Collision Theory of Reaction Rates. 

The collision theory of reaction rates supposes that 

there are within a mass of reacting molecules a certain nwu­

ber, which possess at least a certain critical reaction 

energy. These high energy molecules can react only on collision; 

furthermore, all of the collisions of the high energy mole­

cules do not result in a reaction. These three ideas are ex-

-E pressed mathematically ask• PZe , where k is the reaction 

-4-
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constant, P is the fraction. :of colliding high energy mole­

cules which react, z· is the total number of molec~les that 

collide and e-E is the fraction of the total number o.f mole­

cules that possess at least the critical energy. The quantum 

mechanical reaction rate theory has shown that Pis an en­

tropy termll which describes the probability of the high 

energy molecules colliding in the proper "phase." For in­

stance in the hydrogenation of ethylene the molecules of 

hydrogen and of ethylene must have a minimum energy, and must 

collide such that the double bond of the ethylene is exposed 

to the molecule of hydrogen. Since the manner in which two 

molecules collide figures in the rate of their reaction, any 

agency influencing the manner of collision will influence 

the rate of reaction. In a gas phase reaction the collisions 

are random, but in a magnetic field all the molecules tend 

to line up in the field according to their individual mag­

netic 3usceptibilities, i. e., as they like the field or do 

not like the field. It seems reasonable that if the molecules 

are oriented so they collide at reactive points more than 

unreactive points they will react faster. The presence of 

a magnetic field should affect the probability of collision 

in any given steric configuration. The degree of molecular· 

orientation in the magnetic field depends upon the magnetic 

susceptibility, the temperature, and the restrictions to 

free rotation of the molecules. The effect of a magne;ic 

field- on P for the simplest case, i. e., of a gas, has never 

-5-
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been calculated. In the case of the rusting of iron by 

dissolved oxygen there is no way of estimating the effect 

of a magnetic field on the steric factor P. 

Concentration Cells. 

J. J. Weiglel2 showed, in 1928, that theoretically a 

magnetic field would cause paramagnetic and ferromagnetic 

salts to con~entrate within the regions of strongest field 

and that diamagnetic salts would concentrate in the weakest 

parts of a magnetic field. His simplified formula for a 

mixture of liquids is n/n0 = eH~/2kT where n/n0 is the ratio 

of the concentration inside the field to that outside the 

field, His the field strength in gausses, k is the Boltzman 

constant, Tis the absolute temperature and~ is the mag­

netic moment. 

"When applied to the reduction of chromic 
acid the formula gives n/n0 as 20:l in a field of 
2000 gauss. Since the reaction products will 
be concentrated in a small region near the poles 
where His the strongest, their concentration in the 
rest of the solution will get lower and conseguent­
ly the forward reaction will proceed faster. 11IJ 

In the case of rusting iron, Weigle's formula could be 

applied to the ferrous and ferric ions and to the Fe(OH}2, 

Fe(OH)3, FeO, etc., formed if the amounts of these various 

oxides and hydroxi_des were known, and if the magnetic moment 

of all the reactants and products was known. However, all 

the data are not available. 

Diffusion~ .2f Oxygen. 

A magnetic field of 10,000 gausses produces a decrease 

-6-



of 2xlo-4 in the diffusion coefficient of diamagnetic 

gases through oxygen.14 There has been no measurement of 

the change of the diffusion coefficient of oxygen through 

water, but there is probably some effect. The corrosion of 

iron is controlled by the rate of diffusion of oxygen 

through water in many casesl5 and the magnetic field would 

alter the corrosion in such cases through its effect on 

the diffusion of oxygen. In the present experiment, all 

the sample is so close to free oxygen that the controlling 

factor of the rate is not the diffusion rate of oxygen. 

Therrr.ic Effect. 

"Two points in the plane of a semiconduc-
tor containing two resistances, having the di­
rection of the corrosion process and of the magnetic 
field show a temperature difference: T = CtH b/a 
where Ct is the corro sion-rriagne tic cori.s tan t of 
the thermal effect &t & given temperature, H the 
intensity of the magnetic field, b the thickr,ess 
between the two points under consideration and a the 
thickness of th,=-; seu1iconductor in the directior1 of 
corrosion. 0 16 

This difference in ten~erature is probably small in 

most cases, and since the value of Ctb/a would r.tot usually 

be known in a practical corrosion problem could not be cal­

culated. 

Electrochemical Theory of Corrosion. 

In general terms, the corrosion of iron by aeriated 

water can be described as the solution of ferrous ions, 

the liberated electrons being used by ionic hydrogen to 

form atom_ic hyd.rogen. The sites of solution of the ferrous 
:\'. '(, 

,., 
i,: 

I 
. I 
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ions are called anodes and the areas where the electrons 

react w:L th hydrogen are called cathodes. The filrr1 of 

hydrogen on the cathode can cause the corrosion to stop 

unless it is removed. Dissolved oxygen reacts with the 

atomic hydrogen to depolarize the cathode and permit the 

co.rrosion to proceed. The atomic hydrogen can forrri rwlecular 

hydrogen which is evolved as a gas. The fer:-ous ions react 

with water and also with dissolved oxygen to form ferrous 

and ferric hydroxides. Very little elemental iron is di­

rectly oxidized.17 Sven thou~h the rnajor corrosion products 

are known, the products of a given corroding n.a terial are 

aln~st impossible to predict.18 

The electrocte~ical theory of corrosion rests on the 

hypothesis that the elemental iron dissolves and in so 

doing gives up two electrons which flow to sonie site where 

they react with ionic hydrogen. An electron flowing through 

a 1r,agnetic field wi.11 experience a force which is proportional 

to the strength 0f the field, the charge of the electron, 

and the angle the electronic path makes with the direction 

of the fielct.19 Assume for the monient that there is a cor-· 

rosion proceeding with only one anode and one ca th ode. In 

this case the iron goes into ·Solution at the anode and re­

leases two electrons which flow by the path of least resistance 

to the cathode where ihey .react with an ion of hydrogen. 

If the iron were perfectly pure, the path of least resistance· 

-8-



would be through the iron, in a straight line to the cathode. 

Now, if a magnetic field is created such that it is perpen­

dicular to a plane through the anode and cathode, then the 

electrons will be forced to travel in a curved path and 

therefore must take a longer route from the anode to the 

cathode. Since the resistance is proportional to the length 

of the path, the resistance is increased by the longer path. 

Since the electrons must overcome a larger resistance in 

flowing wi thln the magnetic field than without the field, 

the potential difference between the anode and the cathode 

must be larger for the same amount of corrosion within a 

magnetic field than without the field. The difference in 

potential is limited, so the rnagr.etlc field should cause 

a decrease in the reaction rate due to its effect on the 

flowing electrons. 

Theo re ti cal Conclusions. 

A magnetic field can influence the rate of a chemical 

reaction by: 

(1) Orienting the reacting niolecules so that they tend 

to collide in either more or less favorable steric configu­

rations. 

(2) The magnetic field may cause concentration cells 

of the reactants and/or products. 

(3) The rate of diffusion of oxygen may be changed. 

(4) A temperature difference within the sample may be 

-9-
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induced by a magnetic field. 

(5) A resistance to the flow of electrons may be 

induced by· a magnetic field. 

(6} There is no way of calculating the magnitude of any 

of the above factors for iron corroding in a u~gnetic field. 

-10-
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EXPERIMENT.µ APPARATUS AND PROCEDURE 

The rate of reaction is determined at the low temperature 

by the oxygen absorption method in which the sample, damp 

with distilled water, is exposed to thermoregulated, pure 

oxygen gas. The gas is contained over water in a vacuwn-

tight apparatus shown in Figure 1 Any hydrogen evolved 

during the run is measured by catalytically burning it20 

and measuring the ensuing change in volume. The catalyst 

used is a red-hot platinum wire - J on Figure 1 . The 

hydrogen collection chamber is in the highest part of the 

system and is provided with a platinum wire to ignite the 

hydrogen. The platinum wire is heated by the passage of an 

electric current. 

The amount of volume change due to the absorption of 

oxygen is measured periodically and, after being corrected 

for changes in cooling water temperature and atmospheric 

pressure, is used to follow the rate of reaction. 

In the high temperature run, the weight gained by the 

sample is used to determine the rate of corrosion. The 

volume of oxygen absorbed method requires such precise tem­

perature regulation that it is not used at the higher tern.,.. 

perature. 

Sample Preparation. 

Steel wool ( see Table 2) for specifications}, in each 

instance from the same pad, is cut in approximately one-half· 

-11-
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inch squares with tin snips. The wool is rolled between 

the fingers into a column about one and one-half inches 

long and a hole is pierced in one end for the glass 

hook - 5 on Figure 1 • The column of wool is weighed and 

cut until it weighs within ten percent of the other four 

samples, then placed in absolute alcohol for two hours. 

The alcohol is drained off, the samples touched to absorbent 

paper and then placed in a vacuum desiccator over sodium hy­

droxide for two days or m~re. When the samples are needed 

they are accurately weighed and used. 

Description of the Apparatus for Low Temperature Run. 

The equipment consists of ten millimeter glass tubing 

with join ts of teflon - 7 on Figure 1 . One leg of a water 

manometer (11) is connected through a teflon joint to the 

reaction tube; the other leg is open to the air. A change 

in volume is measured with water added from the buret (10). 

The reaction tubing is equipped with a valved port (2) to 

facilitate the start-up of a run. The sample is hung on 

a glass hook (5) which is embedded in cork (4). The cork 

is shaved on two sides to permit freedom of movement for 

oxygen throughout the tube. 

The temperature regulating system consists of delivery 

tubes {l) which deliver a continuous stream of constant 

temperature tap water to the reactiqn tubing. A stream of 

water flows over the reaction tubing and oxygen filled leg 

-13-
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of the manometer, to be collected by the copper tube and 

trough (9) and discharged to the sewer. The copper tube also 

excludes light from the sample. 

There are four separate reactors with one between the 

poles of a large D. C. electromagnet. This arrangement 

gives one salliple corroding in the magnetic field and three 

control reactions. The ~agnetic field is constant at 19,200 

gausses. (3ee Calculation 3 in the Appendix.) 

Procedure. 

After the sample is prepared, all of the glass tubing 

of ttle reaction tube and rr;anorr.eter is clamped in a convenient 

position and the valve (2) is opened and the tube (8) is 

removed. The sample is hung on the glass hook and oxy.gen 

is bubbled through water in the manometer, displa~ing the 

air 1n the tube with saturated oxygen. Valve (2) is closed 

and as oxygen continue·s to bubble, the glass reactioE tube 

{8} ·is put into place. When the reaction tube is in place, 

the oxygen pressure in the apparatus increases until it 

equals the pressure in the oxygen tank valve, i. e., about 

5 psig. This positive pressure is used as a test to determine 

whether the apparatu~ is leaking. If, after a few minutes, 

the manometer water levels do not change - indicating there 

are no leaks - the apparatus is put into place and brought 

to the temperature of the reaction. After about one-half 

hour to allow for thermal equilibrium, the water menisci in 

-14-
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the rr~nometer legs are leveled by momentarily opening valve (2), 

thus exposing both legs to atmospheric pressure. At this 

time, the atmosphP.ric pressure and temperature, cooling water 

temperature and the time are recorded. 

As the reactio~ proceeds, measurements of the oxygen 

absorbed are made. The data taken at each measuremerit are: 

temperatur8 of the cooling water, atmospheric pressure, 

a tmo spheric temperature, tin1e and the volume of water de­

livered from the buret ~1ich causes the water levels in the 

two legs of the n.anometer to be equal. Temperature of the 

coolini:; water is nieasured with a mercury thermomater in the 

discharge line. Atmospheric pressure is measured on a mercury 

barorne ter in the physical cherr,i s try la bora to ry. 

At the e:-1d of th(:? run, all sarnpl~s are visually observed. 

High Temperature~· 

It is very difficult to r8gulate the tewperature within 

the limits rr~qui red for accurate gas measurer1:ents at ·the 

temperature (65°c.) used in the high temperature run, so a 

different method of following the rate is used. The weid'it 

gained by the sample is used to determine the rate of cor­

rosion. A new sample must be used for each time increment, 

but as found in the low temperature run there is a large 

deviation in rate from sample to sample, therefore only one 

time element is used. The overall average rate is defined 

by this single measurement. Four samples are tested simul­

taneously; one in the magnetic field and three outside the 

-15-
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field. 

~ Temperature Apparatus. 

The reaction tubes and arrangement are the same as in the 

200c. runs. However, the sample is placed in the bottom of 

the reaction tube instead of being suspended from a glass 

hook, because in several trials at 65°c. the hook loosened 

and fell from the cork. 

The temperature of 65°c. is obtained by heating water 

in a five-gallon can with twen·ty-fi ve psig. steam to approxt­

ma tely 66°c. and then allowing a 1000 watt fenwal thermo­

switch to ffiaintai~ the temperature at about 67 ± 1°c. This 

water is pwnped to all four reaction tubes through a mani­

fold to i:1sure equal terr,perature in all samples. The water 

drops from 67°G~ to 65°C. in transit fro~ the heater to the 

reaction tubes. The temperaturr:: at the sample is measured 

with a mercury tt1ermo~et~r and is continuously measured and 

recorded by a Leeds and Northrup temperature recorder. The 

temperature variation of± 1°c. is too great to use the gas 

absorption method of measuring the torrosion rate, but it 

is satisfactory as a ·temperature control for the reaction it­

self21, since variation of the reaction constant with tempera-

ture at 650c. is small. 

High Temperature Procedure. 

A prepared and accurately weighed sample i-s _put into a 

weighed reaction tube. Distilled water is poured into the 

tube and then emptied out, leaving a wet sample in the bottom 

..:.16-
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or· the tube. The reaction tube is placed on the oxygen filled 

apparatus and the heating water started. When the sample 

has reacted for the desired time, the sample tube is removed 

and placed in a drying furnace at 105°c., and dried for 

three hours. Ory nitrogen is used as a c0ntinuous purge to 

reduce oxidation 01' the sample at the hi Lb drying te111pera ture. 

Upon cooling t.o room temperature, trie weight of the combined 

sample and tubf~ i 8 four.d. The amount of reaction is deter­

mined by thFJ difference in weight uetween the combined weigr1t 

of sample and tubr: uefore and aftr:r rr.rn.ction. 

-17-
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RESULTS 

The rate of corrosion of sixteen samples of steel wool 

at 20°c. has been measured using the volume of oxygen gas 

absorbed as the method of measurement. All volume measure­

ments are corrected to standard temperature and pressure and 

reported as milliters of oxygen absorbed at standard tempera­

ture and pressure per unit of sample W8ight in ;;rams. The 

experi~ental data including measured volume change, corrected 

volume change, atmospheric temper~ture and pressure, te~­

perature of the cooling water, and the differential time 

elements are 6iven in Tables 1-lb. The grand total rate 

means for the 2G0 c. and c5°C. runs are given in Table 22, 

together with the mean of the rates of the magnetic and the 

non-magne·tic samples. Table 22 also gives the ninety-n:ne 

percent confidence lirr1i ts for tne four means just rr1en tioned. 

Curves of the differential rates of the first four sa~~les 

are plotted ~gainst ti~e (Figure 3) and against lliilliters of 

oxygen absorbed (Figure 2}. The curve of the average of the 

differential rate curves of all sixteen samples is given 

(Figure 11) and the integral plot (Figure 12) of this average 

differential curve is presented. The integral plot is fitted 

to an equation of the form y = A ( l - e-tK)- see Table 17 -

where y is the oxygen absorbed int hours, A and k ci.re 

constants. 

The data for each of the four runs, each run having· 

four samples, is given-the three sigma control limit test 

-18-
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(Figures 5,6,7,8) to determine if there are any variations 

among the four groups which are greater than can be ascribed 

to· random error. Similarly, all sixteen individual samples 

are given the three sigma control limit tests (Figures 9 

and 10). The t-test (see calculation 2 in Appendix) is 

used to determine the significance of the difference between 

the mean of the magnetic samples and the non-magnetic samples. 

The control charts included in this paper are: 

Charts for the four groups: (l) Two charts for the 

means of the groups, including the plot of the means and 

the plot of the standard deviations of the means - Figures 

7, 8; and (2) Two charts for the standard d8viations of the 

samples within each group, including the plot of the means 

of the standard deviations and the plot of the deviations 

of these means - Figures 5 and 6. 

Curves for the sixteen individual sanples: (l} The 

chart for the means - Figure 9; and (2) The chart for tne 

deviations - Figure 10. 

High Temperature Run. 

The data for the single high temperature ru~ is given 

in Table 21 . 

-19-
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DISCUSSION OF RESULTS 

In order to compare one sample's rate curve with another 

sample's rate curve, an average of the differential rates 

from time zero to seventy-five hours is computed for each 

sample. Plots of rate versus milliters of oxygen absorbed 

such as Figure 2 have shown that there is no correlation 

between rate and the amount of corrosion, so the rate over 

a set time is used as the basis of correlation. It is assumed 

that the only errors that occur are purely random errors. 

If this is the cas8, then the experimental curves differ 

because of random inequalities, such as differences in sampl~ 

surface, temperature, etc. ~ince the samples were ·obtained 

from the same pad of steel wool and treated identically, and 

since the runs were made with controlled conditions; the 

variations of the average rates should be randon,. 

The three sigma control chart method of analyzing data 

is given in th8 A.S.T.M. fi1anual on Quality Control of 

Materials (Spe~ial Technical Publication 15-c}
22 

and is a 

statistical method whicti enables one to t8SC. a controlled 

set of data to determine if there is any variation of the 

data which is too large to be merely random. Charts 5, 6, 

7, and 8 were constructed ( see Calculatioll 4 .in Appendix) to 

determine if any group of runs varied too much from the mean 

of the groups and also if the degree of variation .within 

-20-
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each group ( standard deviations) was other than· normal. The 

charts show· that:not one single point lie~ on or above the 

three sigma control limit,and therefore the four runs are 

all considered to be within the limit of random error; hence, 

from the same universe of possible rates. All groups are 

significant. 

The .data (Figure 9) for the sixteen samples show that in 

no case is there an average rate which exceeds the limit of 

random error. 1'!-1.~refo re, th ere is nothing acting o;-1 any one 

sample which is not actin6 on all samples. But a magnetic 

field is acting on four samples. Therefore, ~ny effect the 

magnetic field has on the rate is too small to oe significant 

to this experiment. This 4oes not exclude the possibility 

that there may be an effect after more corrosion product 

has been forrr.i=.:d or for a different surface tr·ea:tment of the 

sample, etc., but it does show th9-t in the initial stages 

of corrosion at room temperature the effect oJ a magnetic 

field is so small that it cannot ue u.easured witn an experi­

mental apparatus having ~ore than a twenty~eight percent 

coefficient of variation. The coefficient of v~~iation is the 

standard deviation of a variable expressed as.a percentage 

of the variable. 

The t-test adds Bven more light to the analysis. "A 

t-test is a way to compare the difference between a mean 

and an arbitrary value, or the difference between two means, 

-24-
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with the experimental error. n23 The value o.f t is found to 

be O .J89 ( see calculation 2 in Appendix} and the value of 

the probability associated with this tis 0.705. 24 This 

means that a value oft as large as that found in this test 

would be expected to arise as often as seven times in ten, 

if there were no difference between the samples in the 

magnetic field and those outside of the field. Therefore, 

the effect of the field must be very small to have influenced 

the mean so little. 

The grand average rate of 1. )48 ± 22% is the average 

and ninety-nine percent confidence limit, expressed as the 

coefficient of variation, of the average. The ninety-nine 

percent confidence limit means that the range 1.)48 ~22% 

has the probability of including the true average rate ninety­

nine times out of a hundred. The true average rate is the 

average of a large number of runs and may be separated from 

the absolute average rate because of some systematic error. 

According to Whitman and Russel~5 the reproducibility 

of corrosion studies is probably no better than twenty-five 

percent. Newton Friend stated, " •••. rates of corrosion 

·· exhibit marked variation, which may amount to 100 percent, 

even when the experimental con4itions appear to be identical.
1126 

Variations of twenty to thiriy percent are not unusual in 

corrosion studies. 

The control chart for the standard deviations within 

each sample shows tha·t there. is a lack of control in ·samples 

-26-
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6 and 8. This fact does not destroy the validity of the evi-

dence given by the mean chart. Sample nos. 6 and 8 had very 

large initial rates which contributAd greatly to the extra 

high standard deviations. The probable cause of these high 

initial rates was some unusual condition of the sample 

surface. 
The average rate curve (Figure 11} is the average of all 

sixteen curves, and it is not a smooth function even though 

it is considerably better than the differential rate curves 

of' the individual samples. Integration of the rate curve 

gives a fairly smooth curve (Figure 12). The equation of 

this averaged integral curve (Table 17) is of the form for 

most immersed corrosion curves and has some theoretical sig-

nificance.27 

High Temperature~-

The data for the high temperature run is much better 

than the data at 20°c., because there are no chances for 

cumulative errors. Also, the sample surface anomalies which 

caused large deviations at 200c. may not have had much in­

fluence at 650c. Such an anomaly might be the presence of a 

slight amount of alcohol which would be quickly evaporated 

at 65oc~ Notice that the coefficient of variation is around 

seven percent as opposed to twenty-eight percent for the 

lower temperature. There is no significant variation of the 

reaction rate in the magnetic field at 65°C. 
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CONCLUSIONS 

The conclusions are: 

(1) All the means are significant. 

(2) The aver:age rate of corrosion of steel wool at 

20°c. for the first seventy-five hours is l.Ji+8 ± 22~~ 

rnl o2/gr.,hr. (v = 27.9%, P = .99, r.. = 16). 

j 

(J) The average of the four magnetic samples in a 

19,200 gaµss field ls 1.281 ± 52.6% ni o2/gr.,hr. (v = 15.6%. 

P = • 99, n = 4) • 

(4) The average of the twe.lve non-magnetic samples 

is l.J70 ± 28.4/o ml o2/gr.,hr. (v III JO.J%, P = .99, n = 12). 

(j) The difference between the averages could be ex­

pected to occur SP.Ven times in ten if there were no difference 

between the ~wo groups. 

( 6) Any effect ·th8 magnr~ tic field has on th·e corrosion 

rate is very small at 20°c. and at 65°c. 

,·, 
.i 
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DATA TAKEN AT 200c. 

TABLE l 
Run l 
Sample l - In Magnetic Field 

Cooling 
Measured Atm. Atm. Water 

vol. Press. Temp. Temp. 

wl. in.Hg oc. oc. 

0 29.310 
1.90 29.360 20.8 
2.20 29.390 20.5 
1.20 29.345 20.2 
1.05 29.320 19.95 
2.20 29.410 20.2 
1.46 29.380 19.5 
2.65 29.495 18.95 
0.00 29.470 19.7 
2.39 29.631 20. 2 

TABLE 2 

Run 2 
Sample 2 - Outside Magnetic Field 

Weight= 0.1396 grams 
No hydrogen evolved 

Corrected Time 
vol. Elements Rate 

ml.(S.T.P.l ml. 
gram Hours gr. /hr. 

0 0 
10.90 9.08 l.220 
lJ.48 4.75 2.8)0 

8.2.5 5.67 l.460 
0.97 5.00 1.400 

13.37 13.95 0.960 
8.93 9.78 0.913 

11+. 33 14.48 0.991 
1.93 8.73 0.221 

13.72 21.15 
75 hr.avg. 

0.651 
= 1.250 
+ '99 - .o 

Weight= 0.1011 grams 
No hydrogen evolved 

Cooling 
Measurad Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

ml. 

0 
1.47 
1.50 
1.30 
0.83 
1.52 
1 .. 34 
1.80 
o.oo 
l.81 

in.Hg 

The same 

oc. 

as in 
Table l 

-31-

uJ.. ( S. T .P. ) 
gram 

0 
14. 50 
12.16 
12.29 

7.56 
lJ .23 
11.20 
11.99 

2.66 
lJ.60 

Hours 

0 

ml. 
gr./hr. 

5. 70 2. 540 
4.87 2.500 
5.58 2.190 
4.93 1. 540 

13.98 0.950 
9.77 1.150 

14.37 O.SJO 
8.67 O.JlO 
~~ 
~avg~Ol 

4t .694 
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TABLE J. 

Run 1 
Sample 3 - Outside Magnetic Field 

Weight= 0.1568 grams 
No hydrogen evolved 

Measured Atm. Atm. 
Cooling 
Water Corrected Time 
Temp. vol. Slements Rate vol. press. Temp. 

ml. 

0 
1.77 

in.Hg 0 c. 

1.70 The same 
1.11 
o.85 as in 
2. 57 
1.60 Table 1 
2.80 
o.oo 
3.98 

TABLE!+ 

Run 1 
Sam le I - Outside Ma netic Field 

'+ 

Cooling 

Measured A trn. A trn. Water 

vol. Press. Temp. Temp. 

ml. in.Hg Or 
Jo 

oc. 

0 
2.8 
2.J The same 
1.02 
o.88 as in 
J.64 
1.81 Table 1 
2.99 
0.40 
J.57 

-32-

ml • t S. T .P. ) ml. 
gram Hours gr./hr. 

0 0 
10.43 9.08 1.150 

9.03 4.75 1.900 
6.83 5.67 1.210 
5.02 5.00 1.000 

14.10 13.95 1.010 
8.78 9.78 G.8~6 

1).61 14.48 O .943 
1.72 ~L 73 0.197 

21.61 21.15 ~ 75 hr. avg .033 
:t O. 445 

Weight .. 0.2128 
Noh dro en evolved 

Corrected Time 
vol. Elements Rate 

ml . t S • T • P.l ml. 
gram Hours gr:Jhr. 

0 0 
12.14 9.08 1.338 
9.25 4.75 1.945 
4.62 5.67 o.816 
3.81 5.00 0.762 

15.00 lJ.95 1.074 
7.36 9.78 0.754 

10.86 14.48 0.753 
2.99 8.7J 0.343 

14.10 ~ ~ avg. = .972 • ± 0.445 
I 
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F 
Run 2 Weight= 0.0734 grams 

Sample 5 - In Magnetic Field No hydrogen evolved 

Cooling 
Measured Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elenients Rate 

oc. 
ml • ( S • T. P • l ml. 

ml. in.Hg oc. gram Hours gr., hr. 

0 0 0 

0.61 29.665 24.8 20. 25 7.70 2.47 J.12 

2.02 29.641 2J.4 20.l 25.80 12.28 2.10 

0.90 29.690 25.4 19.4 7.01 6.87 1.02 

l.JO 29.671 2J.6 20.2 20.00 16.14 1.24 

0.89 29.722 24.8 19.J 6.10 2.41 2.53 

o.oo 29.6)8 26.1 19.5 J.78 9.25 0.41 

1.89 29.673 24.4 19.8 2J.68 lJ.ld 1.80 

0.57 29.616 26.2 19.2 ?.06 6.J2 1.12 

0.00 29.587 26.0 lCl.8 , J.23 J.50 0.59 

1.55 29.659 26.0 20 .4 19.13 15.JO 1.25 

0.57 29.602 26.4 19.8 'I. 0 5 2.70 2.61 
15 hr. a.v~. = 1. 54 7 

± U .854 

TABLE 6 

Run 2 
Weight= 0.07Jl grams 

Sample 6 - Outside Magnetic Field O. 3 7 rr:l. (:i.T.P.)H2 1;volvrid 

Cooling 

Measured Atm. Atm. Water Corrected Ti 1!18 

vol. Press. Temp. Temp. vol. i:i:lements Rate 

I 

i 

ml.,3.T.P.j ml. 

I 

I 

ml. in.Hg Or oc. gram Hours gr., hr. 

t 

-.J • 

l 
l 

r 

0 
0 0 

I 
1.09 lJ. Ti 2·. 23 6.17 

I 

1.75 The same 
22.40 12.JO 1.82 

I 
0.50 

1.95 6.84 0.29 

0.80 as in lJ.72 16.16 0.85 

l 
0.90 

6.18 2.34 2.64 

I 

0.00 Table 5 J.78 £3. 75 0.4J 

~ L J_ 

0.87 10.80 13.20 0.82 

0.88 10.98 6.23 1.76 

. , ' 

0.4,J 
8.64 5.54 1.56 

1.00 
12.23 15.28 o.ao 

0.22 
2.64 2.6J 1.01 

75 fir. avg. • I.804 
± l. 700 
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DATA TAKEN AT 20°c. 

TABLE! 
Run l 

Weight. 0.1396 grams 

Sample l - In Magnetic Field No hydrogen evolved 

Cooling 
Measured Atm. Atm. Water Corrected Time 

Rate 
vol. Press. Ten-p. Temp. 

ml. in.Ilg 0 (' oc. 
V • 

0 29.)10 
l.90 29,JoO 20.d 

2.20 2Y,J90 20.5 
1.20 29.)4'.) 2u. 2 

1.0) 29.320 19-~) 
2.20 2l).410 20.2 
1,4b ;:';}. J8U 19,) 
2.b) 29,49':> lcl • ') ':> 

0 • l)l) 2').47l; ll),'1 

2.Jl) 2'),D)l 20.2 

TAIJLl''. 2 

Hun 2 
~ample 2 - Outside Magnetic Field 

Cooling 
Measured At111. Atm. Water 

vol. Press. Ten1p. Tump. 

ml, in.Hg or. J. 
oc. 

0 
1.4'1 
1. 50 Thn same 

1.30 as in 

0.-8) 
Ta.ble 1 

1.,2 
1.)4 
1.80 
o.oo 
1.81 

-31-

vol. Elements 

ml.(S.T.P.} ml. 
gram Hours gr./hr. 

0 0 
10.90 ') .Ud 1.220 
lJ.48 4.75 2.830 
8.2) 5.07 l,400 
0,97 5.00 l,400 

13,)7 13,95 0.9b0 
tL9J -3,78 u.913 

14,33 11+. 48 0.991 
1.9) cl.73 0.221 

1),72 21.12 0.621 
75 hr.avg. = 1.250 

± .699 

Weight= 0.1011 grams 
No hydrogen evolved 

Corrected Time 
vol. Elements Rate 

1111. ( S . T. P. ) ml. 
gram Hours gr./hr. 

0 0 
14. 50 5,?0 2.540 
12.lb 4,87 2.500 
12,29 5.58 2.190 

7.56 4.93 1. 540 
lJ.23 13.98 0.950 
11.20 9,77 1.150 
11.99 14,)7 o.8JO 

2.66 'd.67 0.)10 
lJ.60 ». ~ avg.: • 01 

'±: • 694 
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TABLE l 

Run 1 
Sample 3 - Outside Magnetic Field 

Weight= 0.1568 grams 
No hydrogen evolved 

Measured Atm. Atm. 
Cooling 
Water Corrected Time 
Temp. vol. Elements Rate 

vol. press. Temp. 

ml. 

0 
1.77 
1.70 
1.11 
0.85 
2.57 
1.60 
2.80 
o.oo 
3.98 

in.Hg 0c. 0 c. 

The same 

as in 

Table l 

TABLE 4 

Run l 
Sample 4 - Outside Magnetic Field 

Cooling 

Measured Atrn. A trn. Water 

vol. Press. Temp. Temp. 

ml. in.Hg Of"' 
J• 

oc. 

0 
2.8 
2.3 Tne same 
1.02 
0.88 as in 

3.64 
1.81 Table 1 

2.99 
0.40 
J.57 

-32-

ml • { S. T .P. ) 
gram 

0 
10.43 

9.03 
6.83 
5.02 

14.10 
8.78 

13.61 
1.72 

21.61 

Hours 

0 
9.08 
4.75 
5.67 
5.00 

13.95 
9.78 

14.48 
8.7J 
~ 
'7flir. 

ml. 
gr./hr. 

1.150 
1.900 
1.210 
1.000 
1.010 
G.896 
0.943 
0.197 
1.025~ 

avg-:-;-I:°038 
± 0 .445 

Weight .. 0.2128 
No hydrogen evolved 

Corrected Time 
vol. Elements Rate 

ml . ( S • T. P.l ml. 
gram Hours gr:jhr. 

0 0 
12.14 9.08 1.338 

9.25 4.75 1.945 
4.62 5.67 0.816 
3.81 5.00 0.762 

15.00 13.95 1.074 
7.36 9.78 0.754 

10.86 14.48 0.753 
2.99 8.73 0.343 

14.10 ~ ~ avg. = • 972 • ± O .445 
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TABLE .2. 

Run 2 
Weight: 0.0734 grams 

Sample 5 - In Magnetic Field No hydrogen evolved 

Measured 
Cooling 

Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

oc. 
ml.(S.T.P.) ml. 

ml. in.Hg oc. gram Hours gr. ,hr. 

0 
0 0 

0.61 29.665 24.8 20.25 7.70 2.47 J.12 

2.02 29.641 2).4 20 .1 25.80 12.28 2.10 

0.90 29.690 25.4 19.4 7.01 6.87 1.02 

1.)0 29.671 23.6 20.2 20.00 16.14 1.24 

o.89 29.722 24.8 19.3 6.10 2.41 2.53 

0.00 29.638 26.1 19.5 J.78 9.25 0.41 

1.89 29.673 24.4 19.8 23.68 1).18 1.80 

0.57 29.616 26.2 19.2 7.06 6.)2 1.12 

o.oo 29.587 26.0 19.8 J.2J 5.50 0.59 

1.55 29.659 26.0 20.4 19.13 15.JO 1.25 

0.57 29.602 26.4 19.8 7.05 2.70 2.61 
75 hr. avg. = 1. 54 7 

± O. 854 

TABLE 6 

Run 2 
Sample 6 - Outside Magnetic Field 

Weight z 0.0731 grams 
0.)7 ml. (S.T.P.) Hz evolved 

Cooling 

Measured Atm. Atn.. Water Corrected Time 
vol. Press. Temp. Temp. vol. Elements Rate 

ml. 

0 
1.09 
1.75 
0.50 
o.eo 
0.90 
o.oo 
o.87 
o.se 
0.4J 
1.00 
0.22 

in.Hg 

The same 

Qr, 
'-' . 

as in 

oc. 

Table 5 

-33-

ml.~S.T.P.l 
gram 

0 
13. Tl 
22.40 
1.95 

13.72 
6.1e 
3.78 

10.80 
10.98 

8.64 
12.23 

2.64 

rnl. 
Hours gr. ,hr. 

0 
2.2) 6.17 

12.)0 1.82 
6.84 0.29 

16.16 0.85 
2.34 2.64 
8.75 0.43 

13.20 0.82 
6.23 1.76 
5.54 1.5~ 

15.28 o.so 
2.6J 1.01 

75 fir. avg. • I.804 
+ 1.700 
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TABLE 1 

Run 2 
Sample 7 - Outside Magnetic Field 

Weight: 0.0732 grams 
No hydrogen evolved 

Cooling 
Water Corrected Time 
Temp. vol. Elements Measured Atm. Atm. Rate 

ml. 
gr.,hr. 

vol. Press. Temp. 

ml. 

0 
0.88 
1.71 
0.62 
0.9) 
0.80 
0.0() 
1.02 
O.JO 

- 0.4U 
1.19 
O.J2 

in.Hg 0 c. 
ml.(S.T.P.} 

gram Hours 

0 
11.12 

The sarric 21. 90 
J.50 

as it, 15.37 
4.97 

Table 5 

TABLE: 3 

16.'.)0 
J.67 

- l.B2 
14.64 
1.17 

() 

2.58 tt.32 
12.32 1.78 

6.80 0.52 
16.29 0.94 

2.46 2.02 

21.90 0.75 
6.25 0.59 
5.57 - O.JJ 

15.22 0.96 
___ __bi2_ 0 . 46 
~-avg. = 1.;28 

+ l.J67 

Wei 7 ht = 0.0733 ~rams 
Run 2 
Sample 8 - Outside Ma~netlc Field 0.1~5 rrl.(3.T.P.J H2 evolved 

Cooling 

Measured Atrn. Atm. Water C:0rrec ted Time 

vol. Presz:;. Tenip. Temp. vol. Eler1:en ts Rate 

oc. 
ml.,S.T.P.l ml. 

ml. in.Hg oc. gram Hours gr.,hr. 

u 
0 G 

1.15 
14.54 2.67 ).53 

2.14 'I'he same 27.30 12.)3 2.21 

1.07 
9.18 b.83 l.J4 

1.20 as in 18.78 16.20 1.15 

0.8CJ 
4.96 2.46 2.02 

o.oo Table 5 

0.54 
10.41 21 .• 85 0.4B 

0.6J 
·7 .84 ·6.17 1.27 

- 0.70 
- 5.57 5.59 - 0.999 

1.00 
12.21 15.26 0.801 

O.lJ. 
1.52 ~ 

0.642 
avg. = 1.623 

± l.748 
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TABLE 2 

Run J 
Weight= 0.0965 grams 

Sample 9 - In Magnetic Field 0.175 ml. ( S. T .P.) H2 evolved 

Measured 
Cooling 

Atm. Atrn. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

oc. oc. 
ml.{S.T.P.l ml. 

ml. in.Hg gram Hours gr. ,fir. 

0 19.7 0 0 

0.74 29.602 26.4 20.J 18.2 4.75 1.491 

1.84 29.663 25.1 20.l 30.4 9.92 1.552 

1.00 29.638 27.4 19.9 17.7 8.86 1.096 

0.62 29.654 27.0 20.J 10. 5 5.39 1.118 

1.15 29.666 25.6 20. 5 20.l 10.58 1.065 

0.26 29.542 27.5 20.6 '7. 9 7.72 o.665 

0.44 29.508 27.2 20.65 'I. 7 6.70 0.788 

1.07 29.jOO 26.8 20.7 14.9 ll.J6 1.026 

0.50 29.467 27.5 20. 75 C. ·1 8.09 0.101 
) . 

2.40 29.567 25.4 20.J 28.9 16.JO 1.365 
75 hr. avg. = 0.989 

± 0.411 

TABLE 10 

Run J 
Weight= 0.0986 grams 

Sample 10 - Outside Magnetic Field o.8J2 ml. (S.T.P.) ~ evolved 

Cooling 

Measured Atm. A trn. Water Corrected Tirr,e 

vol. Press. Temp. Temp. vol. Elements Rate 

oc. 
ml.(S.T.P.l ml. 

ml. in.Hg oc. gram Hours gr., hr. 

0 
0 0 

0.71 
6.64 4.75 1.396 

1.74 The same 14.15 10.00 1.415 

1.00 
9.51 8.70 1.093 

i 

0.75 as in 7.69 5.52 1.391 

i 
! 

o.85 
8.18 10.)6 0.789 

I 

0.29 Table 9 5.29 7.87 o.672 

,/ 

0.26 
J.49 6.78 0.515 

0.47 
5.77 11.39 0.507 

0.44 
0.2) 8.05 0.029 

1.64 
14.62 16.33 0.895 

75 hr. avg. : o.867S 
± 0.459 

\ .L - r 
.!. 
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TABLE 11 -
Run 3 
Sample 11 - Outside Magnetic Field 

Weight: 0.0937 grams 
Measurement of 82 not made 

Measured Atm. 
Cooling 

Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

oc. oc. 
ml.~S.T.P.l, ml. 

ml. in.Hg gram Hours gr.,br. 

0 
0 0 

1.84 
18.2 4.92 3.70 

3.31 The same 30.4 9.98 3.05 

1.78 
17.7 8.39 2.15 

1.00 as in 10.5 5.63 1.87 

1.80 
20.l 10.23 1.96 

0.53 Table 9 7.9 8.00 0.99 

o.67 
7.7 6.80 1.13 

1.36 
14.9 11.37 1.31 

0.93 
5.1 8.08 0.6J 

3.01+ 
28.9 16.25 ~ 

75 hr. avg.= .866 
± 0 .940 

TABLE 12 -
Run J Weight= 0.0956 grams 
Sample 12 - Outside Magnetic Field 0.)05 ml. (S.T.P.) H2 evolved 

Cooling 

Measured Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

ml.~S.T.P.l ml. 

ml. in.Hg oc. oc. gram Hours gr. ,fir. 

0 
0 0 

0.72 
6.90 4.92 1.400 

1.59 The same 13.12 9.98 1.318 

0.75 
7.41 8.39 o.885 

0.22 as in 2.82 5.63 0.502 

o.68 
6.81 10.23 o.665 

- 0.14 
Table 9 1.31 8.00 0.164 

0.43 
5.25 6.80 0.773 

0.60 
7.20 11.37 o.635 

0.56 
1.39 8.08 0.172 

2.18 
20.30 ~ 1.250 

avg.= 0.724 
± 0.39s 
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TABLE !l 

Run 4 
Sample 13 - In Magnetic Field 

Cooling 
Measured Atm. Atm. Water 

vol. Press. Temp. Temp. 

Weight m 0.0946 grams 
No hydrogen evolved 

Corrected Time 
vol. Elements Rate 

oc. 
ml. ~ S. T .P • l ml. 

Hours gr.,fir. 
ml. in.Hg oc. gram 

0 29.528 26.2 20.3 0 0 

1.60 29.505 25.9 20.4 16.JO 5.92 3.755 

1.65 29.386 24.1 20.J 19.79 13.38 1.479 

0.75 29.404 24.6 20.4 6.56 4.87 1.350 

0.79 29.449 23.5 20.1 6.76 5.41 1.250 

1.97 29. 519 24.0 19.b 16.45 13.34 1.232 

0.46 29.479 25.0 20.3 4.21 5.61 0.750 

0.15 29.532 24.6 20.2 1.95 5.66 0.)44 

0.53 29.437 24.4 20.1 7.54 12.25 0.615 

1.15 29.408 25.2 20.1 11.77 ~ 1.271 
avg.= i.JJ8 

±0 .930 

TABLE 14 -
Run 4 

Weight= 0.0932 grams 

Sample 14 - Outside Ma~netic Field No hydro~en evolved 

Cooling 
Measured Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

ml. in.Hg oc. 

0 
0.80 
0.57 The same 
0.61 
0.78 as in 

1.25 
o.65 
o.64 
0.50 
0.90 

oc. 
ml • ~ S • T • P • } 

gram 

0 
8.60 
9.30 
5.26 
6.76 
9.59 

Table 13 6.15 
6.84 
7.35 
9.46 

-37-

Hours 

0 
5.92 

13.38 
4.87 
5.41 

13.34 
5.61 
5.66 

12.25 
9.25, 

75 fir. 

ml. 
gr. ,hr. 

1.451 
0.695 
1.080 
1.249 
0.719 
1.095 
1.206 
0.600 
1.02i 

avg. = .013 
-:t O .269 
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TABLE !,2 

Run 4 
Sample 15 - Outside Magnetic Field 

Weight= 0.0934 grams 
No hydrogen evolved 

Cooling 
Measured Atm. Atm. Water Corrected Time 

vol. Press. Temp. Temp. vol. Elements Rate 

ml. in.Hg oc. oc. 

0 
1.21 
2.67 The same 
0.89 

ml.~S.T.P.} 
gram 

0 
12.67 
J0.15 
8.05 

Hours 

0 

ml. 
gr.,fir. 

5.92 2.140 
13.38 2.255 

4.87 1.652 

1.57 as 1n 14.60 5.41 2.695 
13.34 2.020 

3.00 
26.90 

0.92 Table 8.84 

0.77 
8.14 

1.21 13 14.39 

2.61 
26.45 

5.61 1.573 
5.66 1.435 

12.25 1.172 
~ 2.86J 
~avg. = 1.969 

:t O. 540 

TABLE 16 -
Run 4 
Sample 16 - Outside Magnetic Field 

Weight= 0.0967 grams 
No hydrogen evolved 

Measured A trri. 
vol. Press. 

ml. in.Hg 

0 
1.489 
1.340 The same 
0.601 
1.008 
2.155 
0.979 
o.694 
1.146 
2.660 

Atm. 
Temp. 

0,., 
v • 

as in 

Cooling 
Water Corrected 
Temp. vol. 

oc. 
ml. ~ S. T .P • l 

gram 

0 
16.05 
17.40 

5.4, 
9.50 

19.59 
Table 9.85 

7.65 
13 14.16 

28.0l 

-38-

Time 
Elements 

Hours 

0 

Rate 

ml. , 
gr. ,11r. 

5.92 2.710 
lJ.)8 l.JOl 
4.87 1.118 
5.41 l.755 

13.34 l.467 
5.61 1.754 
5.66 1.351 

12.25 1.156 
~ J.040 
~avg.= 1.739 

+ 0 .650 



TABLE 11. 

AVERAGED RATE CURVE 

Time 
Average Integrated Calculated 

Rate Rate Integral 
Rate* Percent 

ml. ml. ml. 

gr., hr. - - DAviation 
gr. gr. 

Hours 

5 2.71 14 12.0 14.3 

10 2.31 26.5 23.1 12.8 

1, 1.84 37 • I+ 33.0 11. 7 

20 1.30 45.4 42.4 6.6 

25 1.18 51.4 "50 .6 1.6 

30 1.24 57.5 58.5 1.7 
I . 

3.5 1.20 63.6 65. 5 2.7 

40 1.32 69.9 71.9 2.9 

45 1.12 76.) 77·.6 1.7 

50 o.s2s 81.2 8J.O 2.3 

)5 0.929 85.1 88.0 2.7 

60 0.954 90.5 92.6 2.J 

65 0.833 95.0 96.5 1.6 

70 0.931 99.5 100.0 0.5 

75 0.745 103.7 10).7 o.o 

Avg. - 1.)80 
Avg.% dev. = 4.05% 

-
-0 .Ol8t) 

* y = 140 ( 1-e 
tis in hours, y is in ml./gr. 

-39-



TABLE 18 -
THREE SIGMA CONTROL CHART DATA 

for 
GROUP MEANS 

Mean Standard Number 

- Deviation in 

Oroup X of Means Sample 

1 1.190 0.205 4 

2 1. 576 0.172 4 

3 1.112 0.450 4 

4 1.515 0.614 4 

Avg.:1.)48 Avg.: 0 .J62 

}er limits:"' 
-x ± A,~ = l.J48 + 1.88( .}62) 

w 
= l.J48 -f. 0.680 

--·o- B -er m· /f,,.., 4 ~ 

0 , (2.266) (0.)615) 

D, 0.819 

~-Asterisk: See Itelli 22 in Bibliography. 

TAbLE 19 

THREE SIGMA CONTROL CHART DATA 
for 

GROUP DEVIATIONS 

Mean Standard 
Deviation - of Sigmas 

Group X 

0.128 
1 O. 573 

2 1.417 0.)53 

3 0.870 0.149 

4 o.657 0.724 

Avg.0.879 Avg. .J28 

-
Jrlimits: x • .879 ± .619 

--er"': O, • 745 

-40-

Number 
in 

Samp~e 

4 

4 

4 

4 
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TABLE 20 -
,: 1 
1' l 
I \ 
• 7 

THREE SIGMA CONTROL CHART DATA 
for 

INDIVIDUAL MEANS 

Sample 
R.M. S. Number 

Number* Mean Deviation in Sample 

-
1 1.250 0.699 8 

2 1. 501 o.694 8 

3 1.038 0.445 8 

4 0.972 0.455 8 

> 1.547 0 ._854 9 

6 1.804 1. 700 9 

7 1.328 1.367 8 

8 1.623 l. 748 8 

9 0 .9.89 0.411 9 

I 

10 0. 868: 0,459 ~ 

f 
11 1.866 G.940 9 

I 
I 

I 
12 0.724 0,)98 9 

13 l.J38 0.930 9 

14 1.013 0.269 9 

15 1.969 0.5'+0 9 

16 1.7)9 0.650 9 

Avg. = 1.J48 Avg. = 0.785 
+ 0 .J78 

' I 

! 
'1 

3 <T limits: - 1: • 8 58 - -t - = 1.348 Xm - A,<T rn 

0-m: o.187, 1.)81 

* Asterisk: Nos. 1,5,9,and 13 are magnetic samples. 
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Sample 

Number 

1 

2 

3 

4 

TABLE 21 -
DATA FOR HIGH TEMPERATURE RUN 

Weight Weight 
in Out Time Rate 

grams grams hours gr./ gr .,hr. 

0.0982 0 .1049 13. 75 0.00496 

0.0956 0.1011 13.75 0.00418 

0.1109 0.1185 13.75 0.00500 

0.0973 0.1037 13.75 0.00478 

Avg. 

TABLE 22 -
~9 PERCENT CONFIDENCE 
LIMITS FOR IMPORTANT MEANS 

Name 99% 
Confidence R.M.S. 

Mean Limits Deviation 

ml. ml. ml. 

gr.,hr. 6r.,nr. gr.,hr. 

Grand 
total 
mean 1.)48 ± 0. 288 :!:G.)73 

Non-mag-
netic 
sample 1.370 ! O .388 ~ o .• 415 

Magnetic 
1.281 Samples 

± o.674 "t O. 200 

65°c. ~ ± 0 .229 
mean 3.312 _ 0. 772 

-42-

Rate 

ml./ gr; ,hr. 

J.48 

2.93 

3.50 

J.)4 

:: 3.312 
±0.229 

i~urr.ber 
in 

Sample 

16 

12 

4. 

4 
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Analysis:* 

General History: 

TABLE~ 

STEEL WOOL SAMPLE 

C = 0.29 - O.JO% 

Mn: 0.60% 

P = 0.058% 

S: 0.026% 

Si: 0.10% 

An open hearth steel which has been cold 

drawn into a wire. The wire is shaved to 

produce Grade No. 0 steel wool. The wool 

is a product of James H. Rhodes & Company 

of New York. This wool is made to Federal 

specification FF-W-556. 

* T~rough the courtesy of Bet,hlehem Steel Company 

-43-



SAMPLE CALCULATIONS 

The calculations involved in converting the exper1-

mental data into useful quantities involve two formulae 

one to convert the measured volume change into standard 

temperature, pressure and volume; the other formula to 

account for the change in pressure and temperature from 

one measurement to the next. The formulae are: 

(1) V ( To ~) _ 
M 7;..f. - V:s.f. P. :. 0.,14 t VM 

where the subscript m stands for the measured 

quantity. 

t2) n V :: llN R To/Po -- - 776( _1 _ fl.) 
7i. r, 

where the subscript 1 refers to the preceding 
measurement and the subscript 2 refers to the 
most recent measurement. 

Calculation of the first volume change for sample 

number one is shown: CALCULATION 1 

Vol. Cor- Total of Corrected 
Measured 

vol. rected to 
s.t.p. 

ml. 

1.758 - 0.237 

-44-

Corrections vol./sample 
wt. 

ml. rrJ.. /gr. 

1.521 10.90 
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CALCULATION _g 

t-Te·st for Comparison 2f Means. 

( _2 . '2 
( < x,-x,) + { (X2-x.J 

n, + n2 --c i 
s = 

Sample 
- - 2 

xl Xl - X (Yi - x} 

No. 

2 1.501 0.1)1 .Ol 716 

3 1.038 - .J)2 .11022 

4 0.972 - .)St~ .15840 

6 1.804 .434 .188)6 

7 1.328 - .042 .00176 

8 1.62) .253 .06401 

10 o.868 .502 .25200 

11 1.866 .496 .24602 

12 0.724 .646 .41732 

14 1.013 - .}57 .12745 

15 1.969 .. 599 .35880 

16 1.739 .J69 .1)616 

where x1: first mean 

x
2 

= second mean 

n1 = nurriber in first 
mean 

n
2 

= number in second 
mean 

Sample X2 X2 
- ( - }2 - X2 ~-X2 

Nb. 

l 1.250 -0.0Jl 0.00096 

5 1.547 .266 0.07076 

9 0.989 - .292 0.08526 

13 l.JJ8 .057 O.OOJ22 

415-124 Sum 0.16023 

Avg. 1.281 = x2 

12\16.445 " 2 OT(' oum • oo 

Avg. 1.3704 = x1 

2.07766 
0.1602~ 
2.2)78 

s - ~2.23789 
- 12 + 4- 2" -· 

t: 1.)704 - 1.2810 : 0.389 

.)99 

0.399~1~ + * 
degrees of freedom = n1 + ~ - I : 14 

-45-

t for P = .705 is 
O.J89; Therefore, 

the probability of h~ving 
the means differ by 0.089 
is 0.705. 



CALCULATION 2. 

Calculation of~ Strength .2.f ~ Magnetic Field. 

Measured Quantities: 

D. C. Voltag8 - 129 volts • V 

Resistance - 11.6 ohms = R 

Turns - 2950 turns = ~ 

Gap - 27/32 inch = l 

m.m.f. = 1.257 NV= 1.257 x 129 x 2950 
ir !!75 

- 41,JOO gilberts 

H = m.m.f. 
I 

= 41,JOO -H X 2.54 
= 19,200 gausses. 

i 

I 

i 

-46-



CALCULATION}± 

Three Sigma Control Chart Calculations. 

For Group Means - See Table 18. 

The mean of the four groups is l.)48 and the mean of 

the standard deviations of the four groups is 0.)62. The 

three sigma control limits are placed about the mean of 

the groups by the formula im + A1 cf"M where ~m is the mean of 

the four groups, A
1 
is a constant, and~ is the averag,e cf the 

standard deviations of the four groups. Since there are 

four items in the average xm, the value of A1 is found 1n 

the A.S.T.M. Manual on Quality Control
22 

to be 1.88. The 

three sigma control limits on tne group means are therefore 

1.)48 ± l.88(0.J62). 

The variations within the four means are tested with 

the three sigma control chart for standard deviations. 

The limits are definect22 by B3~and B4°4., and for the case 

with four items in the means s
3 

is zero and B4 is 2.266. 

Therefore, the three sigma control limits for the standard 

deviatio.ns within the means are 0(0.362) and 2.266(0.)62} 

which are O and 0.819. 
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