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Ahstract

An apparatus was designed to study the effect of heat
transfer on corrosion in boiling solutions. This enabled the
separation of the effects of heat transfer and surface temp-
erature. Previous workers had suggested that surface temp-
urature was the important factor rather than heat transfer,
but no work had been reported which had made a separate study.
Boiling conditions, however, allowed large increases in heat
transfer rates to occur with only small changesiin surface
temperature. Runs were initially carried out using mild
steel specimens in aerated and deoxygenated distilled water
using an inductively wound electrical heater. Problems arose
due to induced currents, but these were eventually overcome
using a non-inductively wound former. A comparison of the
results of runs with various forms of heating indicated that
the induced currents had little or no effect on the corrosion
processes involved. The main series of runs was then con-
tinued and experiments were performed with the same agents
but for varying times of exposure. Similar runs were perform-
ed with copper specimens, an electropositive metal asopposed
to steel, which was electronegative. Having drawn conclusions
from a comparison of the two series of experiments, runs were
performed using copper specimens in different concentrations
of sodium chloride solution. Results indicated that, for

steel, while oxygen w,f(s present- the corrosion rate was

UMVERSITY,
I  LIPRARY 1

9



iii-

independent of heat transfer rates, and therefore surface
temperature was probably the controlling factor# However,
T/ith copper it was found that the corrosion rate varied with
heat transfer in the presence of oxygen and this was thought

to be due to the formation of stable oxide films on the surface
at higher heat flux rates, and therefore both heat transfer
and surface temperature were important# Results in chloride
solutions indicated that the transfer of the chloride 1ons to
the surface was a controlling factor in the processes and at
higher heat transfer rates the corrosion rate increased, due to

increased mass transfer#
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1. An Introduction to Corrosion

Corrosion has been defined as the destruction of a
substance by chemical or electrochemical agencies. The
destruction of metals - such as iron or steels - are prob-
ably the best known examples.

To illustrate the mechanism of metallic corrosion, con-
sider a metal, m, immersed in an aqueous electrolyte. Due
to various factors, some zones of the metal will become anodes,
some will become cathodes. The anode reaction will result
in the formation of metallic ions and a number of electrons,
depending on the valency of the metal. The reaction may be
symbolised thus:-

7+
+ ZE 1(1)

The formation of anode areas i1s favoured by the absence
of dissolved oxygen in the immediate area and the absence of
protective oxide films on the surface.

For the cathode reactions there are alternatives. If
no oxygen is present, hydrogen gas may be liberated, and the

reaction symbolised thus:-

JH+ 4 2E ~ H 1)
2

If oxygen is present, hydroxyl ions are produced by the

combination of oxygen, water and available electrons. The
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reaction may be symbolised thus:=-

t

0+ HO +8E == 2(0H) | eeo 1(1ii)
2 | |

~Although some authorities symbolise the reaction as:-

t

'%02 + H O+ 2E —>2(0H) e 1(iv)
) 2 ' ~

‘The reduction proceeds in stages, hydrogen peroxide being
an intermediate product. The presence of oxide films, dis=- -
solvéd oxygen qlose to the surfaee; and metal electrolyte
interfaees with the power to cétalyse reactioﬁsl(ii)lénd
Yiii} will favour cathodic behaviour..

- Electrons ?roduced by the anodic reaetioh 1(1) and re-
:maining at the metal surface will transfer to the cathode
yia the metal and'take part in the cathodic reaction (ii) 6r

' ,(iii).> Due to the passage of this current polarisation may
oceur at the cathode and/or the anode resulting in a tendency
for their potentials to approach each other,

Evidence for the electrochemical nature of aqueous cor-
rosion was provided by Thornhill and Evansla They distin-
guished between anodic and cathodic areas on a partially.
immersed zine plate in N/100 sodium chloride soiution, and
observed that attack only occurred at areas which were at
thet time anedic. Accurate measurements of the currents
flowing on a single metal specimen were carried out by Hoar

2
and Bvans using steel specimens in potassium chloride:
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solutions. They also established that calculations expected
weight loss from measurements of the potential difference and
current flow between the anode and cathode were in very close
agreement with the observed weight loss* Agar and Evans3
performed similar work with zinc and came to the same conclu-
sions*

For a reaction to occur spontaneously there must be a
decrease in the free energy between initial and final states*
However because there is a decrease in free energy, it does
not necessarily follow that the reaction will occur spontan-
eously. There may be an intermediate activated state of

higher energy creating a barrier which must be overcome.

Consider the reaction:-
7A-

ZE oo 1 ()
to be exothermic. Generally heating such a system
introduces two factors, the addition of energy to the system
and an increase in temperature. An increase in the energy
of the system, by Le Chatelierfs Principle, would be expected

to move the reaction equilibrium to the left - causing a
reduction of the corrosion. An increase 1in temperature
would cause an increase in the reaction rate causing an
increase 1n the corrosion at a give time. Generally speaking

the effect of the i1ncreased reaction rate 1s the more
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important factor®*® and corrosion would increase with, an increase
in heat transfer* If the reaction I(1) was endothermic the
addition of energy to the system would cause a shift of the
equilibrium to the right, increasing corrosion* An increased
temperature would lead to an increase in the reaction rate,

and the overall corrosion would be expected to be greater.

Boiling produces different conditions from heat transfer
without phase change, since large changes in heat input
result in small changes in temperature and the increase in
the reaction rates would be correspondingly smaller. Thus,
depending on the extent of the change of the reaction rates
for exothermic reactions an increase in heat transfer might
result in a decrease in corrosion, and for endothermic reac-
tion an increase might be expected.

This considers only the anodic half cell“the cathodic
reaction may also be affected by heat transfer depending on
the prevailing conditions.

Let us now consider the modes of heat transfer which would

result in this boiling state.

2. An Introduction to Heat Transfer and Boiling
There are three basic modes of heat transfer. Namely:-
1. Conduction

Conduction is the transmission of heat from one part of
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& homogeneous opague solid to another, under the influence of
a temperature gradienﬁ[Without appreciable displacement of
~the partieles,

2. Convection

Convection is the transmission of heat by the mixing of
parcels of fluid at different temperatures with one another.
This mixing may be caused naturally, sﬁch as mixing due to
density differences resulting from temperature differences
within the fluid, or mixing by forced means, such &s mechane
ically stirring. Heat energy mey be transferred simultan-
eously by conduction, end in transparent media by radiation.

3. Radiation

Radiation is the transmission of heat by the emission of
radiant energy in all directions. . When this energy strikes
another body it may be reflected, transmitted or absorbed.

In the case of thevlatter the amount of energy absorbed is.
transferred quéntitatively into heat.

For the work in this thesis the most important moqe of
heat transfer is_conveetion;ywhieh will be dealt with in more
debails

Heat transfer rates from & solid surface to a fluld have

4
been defined Dby the equation

q = h A(tw - 1)
¢} m ”
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where q s heat transfer rate

C
h & coefficient of heat transfer from the surface of
m
the solid to the fluid, excluding radiation.
tw - surface temperature

t s bulk temperature of fluid

The coefficient of heat transfer, h , depends on several
factors, such as the properties of the fﬁllid, the dimensions
of the apparatus, the fluid velocity past the surface and the
temperature potential, A tt These conditions may vary at
different parts of the surface and therefore the heat transfer
rate may also vary from point to point. Consider the aspect
of fluid velocity past the surface. Under isothermal cond-
itions workersS’6 have shown the nature of flow of fluids
past cylindrical models. Eddies form at the rear of the
cylinder, eventually become too large and are swept downstream.
An i1dealised drawing of the flow pattern is shown in Fig.1.1.
From this it can be inferred that for a fluid flowing at
right angles to a heated tube the coefficient of heat transfer
will not be uniform around its perimeter. Work by Drew and
Ryan7 established the local rate of heat flow plotted radially
around a cylinder. The plot is shown in Fig.1.2. From
this 1t can been seen that maximum heat transfer occurs at

the leading and trailing sections of the tube. The value

at the sides being approximately 40% of the maximum. For



FIG U . TI"eolise” Ploco poVVfcrnsoF q Ruid possiriq bérpeo&icu/lqr
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practioal purposes an average coefficient is more convenient
but this distribution should be borne in mind*

4* Boiling Liquids

When the vapour pressure of a liquid is equal to that of
the atmosphere bubbles of vapour are formed and the liquid is
said to boil* Consider the boiling of a liquid at a heated
surface submerged in a pool of the liquid. Several workers
observed the existence of various regimes of boiling. Data
was presented by Drew and Meullelr8 and can be summarised in
Fig.1*3* The regimes shown in the diagram may be defined as
follows.

AB Natural convection

The water is being superheated and evaporation occurs
only at the surface of the pool.

BC Nucleate boiling

Bubbles of steam form at active sites on the heated
surface and rise through the pool.

C The critical At

At this point the heat flux goes through a maximum and
is the limit of the nucleate boiling regime.

CD Partial film boiling

Part of the surface is insulated with a vapour film, the
heat flux decreases as At increases and more of the surface

is insulated by the film.



b!

Q& e i

10 10

FIG 1.3. Soiling of uxxhtr p|f2f2*F on an eJtctrtcaJJU} htaHEd pUIBnumuy»«re.

AN A

JJJ -0 m °'
zr “QJpQ JO m-°(7

—'0 ~0~0 0o~0 *°0~0 9 ~

<y NucUeoJrt txx1ino*

FIG 1.1". Com”xxrison of nucieaifc and filr* boiling



'D The Leidenfrost point

The heat flux goes through & minimum as all the surface
is covered with the vapour film.

DEF Film boiling _

Heat is transferred through the film by conduetion and
radiation. |

F corresponds to the melting point of the wire.
The difference between film and nucleate boiling is shown in
Fig.l.de

5., The Mechanism of Nucleate Boiling

‘The veapour pressure over a small concave liquid surface,
such'as a steam bubble in water is less thén that over‘a
flat liquié surface at any given temperature. Therefore for
a given-presSure the liguid must be hotter to evaporate into
a“sﬁall vépour,bubble than into the vapour space above the
liquid. Due‘to this bubbles tend to form at active sites on

the heating surface where conditions of temperature and sur-

face are favourable. Depending on the nature of the surface,

different'dagrees of superheat will be required. The
rougher the surface, the more sites there are available and
therefore the lower the At required. In the water boiling
at atmosphérie pressure Gooperg found that overall heat
transfer coefficient in a submerged tube evaporator was

larger with iron than with copper tubes, indicating the
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increase in number of sites on the, rougher, iron tube more
than compensated for the decreased thermal conductivity.
The heat transfer range of the work in this thesis falls

within the nucleate boiling region*

3. An Introduction to Heat Transfer and Corrosion

The importance of the effect of heat transfer on corrosion
processes has been known for some time* Spellerlo discusses
methods of preventing corrosion in hot water heating systems,
advocating such things as the control of oxygen concentration
and the pH of the water* However little systematic study
was made until the work of Groves and Eisenbrown11 in 1959%*
In their work an external heating source kept the surface
temperature of metal specimens above that of the solution,
thus transferring heat from one to the other* The apparatus
was as shown in Fig*]*5* The specimens were in the form of

stainless steel discs clamped to the base of the corrosion

vessel in close contact with a flat ground soldering iron

element of 550 watt* The solution used were various concen-
trations of chemically pure sulphuric acid - the boiling
0 0

points ranging between 215 F and 235 F* An external heating
coil maintained the temperature within and a condenser was
used above the solution surface. Measurements taken during

the runs were solution temperature and metal temperature,
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the latter being measured by means of a thermo-couple placed
in a hole drilled edge to centre in the specimen. The

solution was changed every forty eight hours during a run to
prevent accumulation of the corrosion product. A fter each
run the specimens were reweighed and the weight loss calcul-
ated. The specimens underwent stringent procedures of pre
run preparation to ensure reproducibility, and runs were of
ten days duration. The results, shown in Fig.1.6, were

plotted in the form of graphs which indicated an increase

in corrosion with increasing metal surface temperature for

a given acid concentration, and an increase in corrosion with

increasing acid concentration for a given surface temperature.
Three further types of apparatus for studying heat

transfer corrosion problems were discussed by Fisher and

Whitneylz. The first apparatus was as shown in Fig.1.7.

The specimen was in the form of a cast iron rod which was

clamped between two large, low resistance electrodes, conn-

ected to a half kilowatt transformer. Thus heat was gene-

rated by passing an electric current through the specimen.

The corrosive media used were molten inorganic salts,

whose temperatures were maintained by an external heating

source. Mild stirring was provided. The technique was

satisfactory practically, but academically i1t was lacking,

since it considered only heat transfer rates and not surface
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temperature, no attempt being made to measure it. Other
shortcomings were

1. In a conductive environment electrical leakage would
occur.

2. Heat distribution was not uniform, the temperature
being higher at the middle.

3. Yoltage corrections were high in comparison with
current corrections.

All the above lead to inaccuracy in the heat flux cal-

culations. Factors not considered in the paper are those

of electron excitation and the effect of alternating current
13

on the system. Evans states that, often, alternating

current acting alone produces little corrosion, the cathodic
half period replacing the metal which passed into solution
during the anodic half period. This 1s only true at high
frequencies, and at low frequencies the damage due to a
given current increases. Hohn14 observed that 1f impurities
were present these may well be deposited during the cathodic
half period and therefore the damage done during the anodic
half period would only be partially repaired. Also a self
stifling process might be disturbed by continuous change
from oxidation to reduction, producing volume changes in the
product which could lead to porosity in a normally stifling

15
film. Torigoe making a study of the effect of alternating
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current on the corrosion process of iron found that for small
impressed alternating currents the corrosion current was
increased in acid solutions, but little ehanged in neutral
solutions. Thus it can be seen that using direct electrical
heating 1s - to say the least - suspect.

The results of the "resistance specimen" apparatus are
shown in Fig.1.8. Fisher and Whitney observed that the
heat flux was critical at approximately 9,000 - 12,000 BTU/

2 0
hr.ft when the salt temperature was 300 C. At a salt

temperature of 2650C no critical heat flux was observed.
This would tend to i1mply that the surface temperature rather
than heat flux was the important factor in corrosion control.
The author suggests that the critical heat transfer rate
corresponds to the beginning of salt dehydration.

The second apparatus described uses a tubular specimen
heated from within by a 300 watt quartz heater as shown in
Fig.1.9. The heating system is much more satisfactory.

The heat flux is easily controlled and there is no problem
from current leakage or electron excitation. It also
serves as a quick and ready method of testing tubular stock.
No surface temperature measurements were taken, which was a
severe limitation, but it would have proved difficult to
have made the measurements, radiation from the quartz heater

being the main objection. Also such a heavy specimen,
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approximately 150 grams would render weight loss determinations
inaccurate. Tests were carried out on 316 Stainless Steel

in phosphoric acid. Once again the workers inferred that
surface temperature was the important factor, and suggested
that immersion tests at a given elevated temperature would *
give useful information, this though seems to be rather
begging the question since from observations it seems more
likely that it 1s the surface temperature relative to the

bulk temperature of the solution that is the important factor.

The third system described was the modified disc

apparatus shown in Fig.1.10. The apparatus is basically
11

similar to that of Groves and Eisenbrown , with some modi-

fication. Two thermocouple holes were drilled in the head

of the soldering iron to enable heat flow calculations to
be made. A hole was also drilled in the specimen so that
metal surface temperatures could be calculated from its
temperature at the centre, the heat flux through it, its
thickness and thermal conductivity. For this the standard
Fourrier equation for heat conduction was used. The heat
flux was determined experimentally by cooling and heating
curves at various settings on the variac. Headings from
the thermocouple in the head were also used to calculate
heat flux but required correction for radiation losses.

They performed tests in phosphoric, nitric and sulphuric
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acid, and came to similar conclusions to the previous work,
establishing surface temperature as the important factor.
Fisher and Whitney considered that of the three systems the
modified disc apparatus was the most satisfactory, stating
its advantages as

1. Speed

Specimens were small, therefore quick accurate weight
losses determinations were possible. Normal runs were of
ten days duration, to allow the development of a type of
attack, though for higher heat fluxes twenty four hours
would have been sufficient.

2. Accuracy

The reactants used were pure, therefore accuracy depended
on the equipment. Using electrical heating left the heated
side of the specimens unaffected, and only the test side
changed during runs. Steam, oil and other forms of heating
produced contamination or corrosion in unwanted areas.

3. Reproducibility

This was of a high order, due to a certain extent to:-

4. Simplicity

The apparatus was simple to set up and run.

5. Plant simulation

The method established heat transfer surfaces within the

corrosive media - missing in normal immersion techniques.
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They considered its main limitations to be

1* Surface temperature

This proved impracticable to measure and had to be
calculated,

1. Velocity

Although agitation was provided to remove corrosion

product from the surface, a systematic study of the effect
of velocity was not possible,
Kerst16 performed work with steel specimens in pilot plant
cooling towers and noted that specimens under heat transfer
conditions corroded at more than eight times the rate of a
specimen merely immersed in the same solution,

Groves, Eisenbrown and Sharfstein17 using the disc
technique for various steel indifferent concentrations of
acetic, formic and phosphoric acids, showed that some steels
were more affected by heat transfer than others, and
suggested that this may be due to the nature of the oxide
films, high chromium and molybdenum content in the film being
most resistant,

18

Fisher in a later paper compared the modified disc
apparatus with further apparatus using much higher solution
temperatures and heat fluxes. The temperature sensitivity

of the processes was still indicated but the character of

the corrosion changed, severe pitting being exhibited.



-] -

| 19 -
Illingworth  designed an apparatus to study simultaneous

heat'trénsfer‘and flow., From the work it was still imposs-
ible to completely separate the effécts of heat flux and
,surféce temperatureg but considered as had the previoﬁs wWorke
ers that the surface temperature rather than the heat flux
‘was the cqntrqlllng factor.A The size of specimen used
rendered it impossible té-establish the thermel boundary
layer and it ﬁas therefore impossible to reach rigid con-
olusions as to the effect of Tlowe
11,12,18,19
These workers: propesed that the metal surface

temperatuxe was the cenﬁrolling-factor in the corrosion
processes,. Other workers, in the field known as thermo-
galvanic éorrosien, observed that this was not necessarily
the case. Thermogalvanic or 'hot spot! corrosion refers
t§ casgs where potential differences are established within -
a metal having parts at differing temperatures in contact
with a solution. Berrygo and Tyrellzl working with copper
and silver observed that the colder electrode was the anode ’
of the cell in. early work in this Tield. |

| Buffingtongg congidered the system as\analagous t0 a
thermocoﬁple with the electrolyte as one half of'the couple,
and assuning this‘calculated,from standard date the expected

‘thermogalfanic potentials on various metals, including iron

and nickel.
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Work was performed on iron in various solutions by
23

Uhlig , who noted that, in 3$ sodium chloride solutions,
the potential difference was 24 mv for a 750C difference in
temperature. In sulphate solutions it was observed that
the polarity of the cell depended on the ferrous/ferric ion

ratio# For high ferrous/ferric ion ratios the hot electrode

was anodic and vise versa.
24
Breckheimer and D’Ans did work with iron in potassium

ohloride solutions and observed that the hot eleotrode was
anodic for all concentrations from 0.00IN to 3N solutions.
The addition of potassium nitrate caused passive films at
the hot electrode and a reversion of polarity occurred.
Gerasimov and Rozenfeld25 studied copper, iron, nickel
and lead in various sodium chloride solutions. The experi-
mental variables included pH, cold electrode area and
agitation near the cold electrode. It was noted in all
cases that the hot electrode was anodic and that the system
was under cathodic control. Therefore increasing the cold
electrode or agitation near to i1t increased the corrosion
rate, in some cases by as much as 10 - 100 fold.
Breckon and Gilbert26 found no relation between severity
of attack on Admiralty Brass and the hot spot temperature
but noted that the cold electrode area was an important factor

27
and in similar work Bem and Campbell also came to the
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conclusion that the area ratio was a controlling factor.

Shatalov, Marshakov and Kalnzhina28 performed work with
several metals and alloys in their sulphate solutions and
at various pH values. It was observed that cathodic control
predominated in normal (hot anode) couples but anodic control
was more characteristic of reversed (cold anode) couples.

It would therefore appear that whatever the process the cold
electrode 1s the controlling factor.

Boden29 in more recent work also established the area
of the cold electrode as a controlling factor, whether anodic
or cathodic. He derived equations from electrochemical
theory for the reaction mechanisms and compared these with
the practical work, and noted that the corrosion rate of a
given couple could be predicted from the equations, though
local cells in any one electrode had also to be taken into
accounte

The field of corrosion and heat transfer appeared, then,
to divide itself into two main studies. Thermogalvanic
corrosion where the metal surface temperature varied from
point to point and local cell corrosion where all the
corroding surface was at the same temperature. It was
decided to study the latter and to use heat transfer rates

such that boiling would occur on the corroding surface.

Although this introduced another factor, that of vapour
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bubbleslpraduced on the surface, it presehted the opportuﬁity o
the effects of heat transfer and surface temperature since
large heat flux changes would result in comparatively smll
surface temperature changes. The remainder of the thesis -

is a report of that worke.
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Chapter 2

The design and method of operation of the épparatus
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1. Introduction
11,12
Previous workers in this field had all used as a
heat source, the principle of a soldering iron element
clamped to the specimens at the bottom of a vessel. [t was
thought that such apparatus suffered from several disadvant-

11,12
ages. Firstly in the case of the disc apparatus

location of the specimens at the bottom of the vessel could
lead to a build up of loose corrosion product on the surface
of the specimen, unless agitation was employed, which would
itself introduce another variable. Secondly, the specimens
were not very representative of heat transfer surfaces found
in industry. Thirdly, the specimens were inaccessible to
probes intended to take measurements such as electrode
potential and surface temperature. The apparatus employed
by Illingworth19 overcame these problems to a certain extent,
but also assumed, as had others, that axial heat flow occ-
urred through the specimens, and that all the surface was
isothermal under conditions of constant heat flux. This
was considered to be unlikely, for 1t is very difficult to
ensure both conditions simultaneously.

Fisher and Whitney12 listed the advantages of the modi-
fied disc apparatus®* and it was decided to re-design from

first principles an apparatus which had these advantages and

at the same time eliminated the disadvantages outlined above.



=23

One feature which was considered to be essential was a
method of directly measuring surface temperatures. Another
variable of obvious importance was oxygen concentration of
the éolutions and although not included in the original

apparatus, it was allowed for in the design.

2, The Heat Supply System

One method of ensuring conétant temperature‘and heat -
flux over the surface of the specimens was to have a heat
source of large thermal capacity in comparison‘tokthe
‘specimené, Two readily available heat sources were con- ‘
sidered - steam and electricitya The requirements were
for the system to be adaptable éapable of ranning fof:long
periods with little attention, and capable of providing high
heat fluxes with no unwanted side effects on the speeimens. |
The steam lines available were of insufficient pressure for
$he heat flux range required and 1t was decided that a
separate boiier would be an unnecessary eomplicationa Also
the use of steam would necessitate a protective treatment |
of the back surface of the specimens if wéight loss deter=~
.minations were to be of use. | |
A Electrical methods of heating prevented all but the 1ast
 0£ these problems, and due to the ease with which high

temperatures can be obtained with this form of heating this
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problem could be overcome* As already stated a large beat
source was to be used, mainly to obtain an even distribution
of beat, but also to act as an auxiliary beater™ For this
the obvious method was a coil which had to be completely
insulated from the corrosive solutions to prevent short
circuiting. This was best done by some form of sheath
completely covering the coil, with the solution on the inside
or outside of this sheath*

Since it was required to probe the corroding surface
during experiments it was decided that the former method
was unsatisfactory, whilst in the latter the sheath could
cither be the specimen itself or some inert sheath with the
specimens retained on the outside of this* If the sheath
served as a specimen, high temperature gradients would
occur across part of the tube, although the specimen would
be so large as to lead to inaccurate weight loss determin-
ations. An inert sheath would reduce temperature gradients
and present sealing problems for the sheath side of the
specimens, but the specimens would be small, easy to prepare
and handle, and internal oxidation would be prevented*

Trials were made of both methods and that employing an
inert sheath was found to be more satisfactory™ The sheath
used was a smooth surfaced silica glass tube, since it ful-

filled the requirements of withstanding high temperatures,
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was a good electrical insulator and non-porous.

The trials showed that it was unnecessary to seal behind
the specimens, since with the method used little corrosion
occurred on the rear surface.

The system used may be summarised as follows:-

The element used was wound upon a fire bar type former
of 8 total length, 3/5" outside diameter, and 20 turns/inch,
with Nichrome Y resistance wire, nominal resistance 2,98
ohms/yard total resistance, 28,2 ohms.

The end fixings on the former were alloy caps inter-
nally threaded to match the former and machined to just
smaller than the i1nternal diameter of the silica tube, re-
ducing heat loss past them.

The connections were by, diameter mild steel rod,
bolted to the end caps on the former and passing through
caps at each end of the silica tube, further reducing heat
losses.

The tube was of Y itriosil pure fused silica, satin
smooth finish, 147" total length, 17.5 mm internal diameter,
1.6 - 2.2 mmwall thickness.

The system was as shown in Pig.2.1. A variac was used
to control the heat flux.

3. The Yessel

The vessel had to be large enough, so that during a run
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concentration changes were negligible# A condenser was
also required to condense steam formed during a run# The
specimen tube had to be positioned and sealed. Some pro-

vision had to be made for the introduction of the surface
probes, and also provision made for cleaning the inside of
the apparatus#

For reasons of adaptability the apparatus was assembled
from Q.Y.F. glass ware, and as the element was 77 in length
the vessel was based on 9" Q.Y.F# tubing* A vessel con-
structed of this, giving a reasonable boiling pool above the

specimens would contain approximately 15 litres of solution.

30
Uhlig suggested that for the concentration of corrosion
2
product to be negligible 5 litres/dm of the specimen sur-
face area was required# It eight specimens, described
2

later, were used per run the ratio would be 30 litres/dm
and was considered to be satisfactory#

The condenser fitted was a 1"M Q.Y.F. condenser, which
operated at total reflux and was open to the atmosphere.
The specimen tube was positioned in two 17 Q.Y#F. buttress
ends set in the 9" Q#V#F# tube. The tube was sealed by a
neoprene rubber gasket, tightly fitting to the silica tube
and clamped to the buttress ends using a brass backing
flange as shown in Fig.2.2.

Making fixed electrical contact with each of the



-7

' specimens proved impracticable. The .method used employead éa
surface probe, described later, which was pressed agéinStf'
the specimen, passiﬁg through =& rubber sealiﬁg gland, cover-~
ing a 4" buttress end and clamped by a backing flange at

the froht of fheapparatus@ The 4" butitress end also
facilitated internal cleaning of the appérétusé A side arm
for filling the vessel and a tap fof draining were also

included. . The vessel.was as shown in Fig, 2.3,

4, The Specimens
The first eipeffments were conducted using mild steel

specimens, expésed %o‘distilled Watér. The specimens had
‘o bé small and easily made for reproducibility: As men~
tioned before they were requiped either to fit closely to
the silica tube, or be sealed to it in some manner, in order
%0 prevent seepage behind‘the=speoimens, S0 causing un-
wanted corrosion. The method eventually found to be ex~
tremely satisfactory employed specimens in the form of a
split annulus, as shown in Fig. 2.4. In order to obtain
.a good, close fit to the.§ubé the specimens were made of
slightly smaller diemeter than the silica tube and when in
position were lightly‘sprung, echieving a close fit, Seep=~
age behind theyspecimensrwas then negligible.

The specimens were prepared from solid drawn mild steel
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tubing, to eliminéte composition changes within the metal,

the chamical'analysis ofvwhich~was given as

Carbon : 0.13%

Meangenese ' 0.36%

Phosphorous 0.059%

Silicon 0.09'7%

Sulphur 0.04%‘

Iron Remainder, except for trace amounts

of chromium and nickel.

The tube was %" outside diameter of 20 8.W.G. wall and
was}broﬁght to & polished finish in a lathe using medium and
find grades of emery cloth and four grades (100, ‘22’.0,~ 440,
600)'6f Strewers paper. The polishéa tube was cut into
approximately %" lengths on a lathe, ground to exactly 3"
lengths énd sliced to give the split annulus required. '

In this state the specimens were too small to fit onto
the silieca tube and>théy nad to be stretched a certain
amount. ‘This was done in conjunction with heat treatment
in order to remove stresses etc. caused during manufacture
of the tube or preparsation of the specimens. The specimens
were pressed onto & mild steel bhar, diesmeter approximately
0.01" smaller than that of the siliea tube. A normalisation
| procéss was then applied. This involved heating the speci~

o |

men to 870 C for three hours in a tube furnace under a nit-

rogen atmosphere, shown in Fig.2.5. The specimens were kept
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away from the tube surface by flanges, one removable, at

éach end of the mild steel bar. The bar was tapered at

one end to allow the specimens to be pressed on easily.

The bar was pushed to the centre of the furnace by a 3" dia-.

meter mild steel rod screwed into the bar. |
‘After heat soaking for three hours the specimens were

ailr quenched, removed from the bar and placed in a Jdesiccabor -

to await further treatment immediately prior %o a run.

5. Measurement

Apart from weight loss the measurements taken during
the initial experiments were surface temperature, electrode

potentials and the pH of the solution,

i. Measurement of surface temperature
19
Previous workers, e.g. Illingworth calculated metal

surface temperature from the equation

T, - T - q_/h. L 2(1)
1 2
where:
T = surface temperature
1
T = bulk liquid temperature
8 .

heat flux

heat transfer coefficient

=S
u
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. The difficulty with this method lies in obtaining e
suiteble value of 'h'; most of the equations predicting
heat transfer apply to established conditions of flow and
heat transfer'and thelr application to such small heat |
transfer surfaces is invalid, although Illingworth admitted
~ this and to a certain extent justified himself by claiming
that the results did give an indication of surface temper-
ature.

12
Fisher and Whitney in their modified disc apparatus -

used Fouriers equation to calculate the surface temperature

g% . kAo ar eee2(11)
d - dx '
where:

gg = rate of heat transfer

atv

k = thermal conductivity

A = area perpendicular to direction of heat flow

dT = temperature gradient

ax | |

Knowing the heat flux, the thermal conductivity of the
metal and its temperature at the centre they calculated the
surface temperature. This is far more satisfactory but

st1ll assumes ideal conditions, such as axial heat flow,

etc. Clearly, difect gsurface temperature measurement would




-B3]l=

be a great advantage, though the difficulties are considerable.
Methods of measuring the surface temperature of solids are
reviewed by Goxonal. For low temperature work, thermo-
couples are suggested as the most suitable. The thermo-
couple must be in equilibrium with the surface of the hot

body and its introduction must not alter the temperature of
the surfeace. Two methods of overcoming these problems are
well known.

Firstly the measuring device is made thin to resemble
part of the surface, and has the same-emissivity etec,, and
secondly the device is of small area, insulated on the out-
side, so that although it changes the heat loss condis%ions
in its immediate neighbourhood, lateral conduction in the
body causes almost no temperature difference,

As‘several specimens required temperatdre measurement
in a éingle run the first method is impracticable. Thus
the method employed must be, generally, a small thermocouple
in close contact with the heeted surface. Another point
in favour of this method was that since the surface was
belng studied from a corrosion aspect as 1little interference
as possible with theAsurfaee is desirable. For this reason
it is also impossible to drill holes or make grooves in
specimens for corrosion experimenﬁs. Teking all this into

account, the best method appeared to be a small thermocouple
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which could be pressed against the surface when readings were
required and removed immediately so that no galvanic couples
were established, which might alter the corrosion precesses.
It was therefore decided to use ’Thermocoaac* sheathed
Cromel/Alumel wire sealed in capillary glass tubing and
sealed with Araldite. See Fig.2.¢. The measuring circuit
was as shown in Fig.2.7,

[t was realised that with this system some radial heat
transfer was bound to occur and true temperature readings
would not be obtained. A method of calibration of the
thermocouple was developed which allowed surface temperature
to be calculated for a given thermocouple reading.

Three holes were drilled laterally in a specimen,
approximately in depth, one being near the inside surface,
one in the middle, and one near the outside surface, as shown
in Fig.2.s. ,Thermocoaxf sheathed thermocouple wires were
inserted in the specimen, and sealed in Araldite so that
they were electrically insulated from the metal specimen.
From these the temperature gradient across the specimen
thickness could be determined and by extrapolation the
surface temperature obtained. Used in conjunction with
the thermocouple probe, a reading for any given surface
temperature could be obtained. Calibration figures are

given in appendix 1.
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11. Measurement of heat transfer rates

At the time when preliminary runs were conducted no
satisfactory method of determining heat transfer rates was
established. At a later stage in the investigation a system
was proved to be satisfactory and with temperature readings
taken during preliminary runs it was possible to calculate
heat transfer rates. The method i1s fully described in
appendix 1. The heat input to the winding was calculated
from the voltage and amperage readings across the winding.

i1i. Measurement of electrode potential

In order that these measurements could be taken an
electrical contact between the specimen and the measuring
device was required. As several specimens were to be used
in one run it proved impracticable to have a directly
attached contact with each one. The method used for this
contact took the form of a probe, as shown in Fig.2.9. It
consisted of a mild steel rod 1/16" in diameter sealed in a
glass tube. The part of the rod protruding beyond the glass
was sealed with Araldite so that only the end surface was
exposed. This could be passed through the 4" rubber
diaphragm and pressed against the surface of any of the
specimens.

When readings were not being taken the tip would have

been exposed to the corrosive media and could have formed a
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non-conductive film wMch could have altered the potential
reading obtained with the time exposed. A method was
therefore devised in which the probe could be removed after
each series of readings so that it could be cleaned. This
was arranged by means of a tap and sealing gland, as shown
in Fig.2.10. With this method the probe could be introduced
with no loss of water from the system.

The reference half-cell was an external saturated
calomel electrode connected by means of a liquid bridge
containing the corrosive media. The bridge consisted of
a glass tube, drawn at the specimen end to a fine capillary.
This tube was connected to the glass funnel containing the
saturated calomel electrode, by a plastic tube containing
a wick, in order to reduce the possibility of air bubbles
interfering with the readings. The potentials were
measured with an E.I.L. 23A high impedance millivoltmeter,
and the full circuit was as shown in Fig.2.11.

1iv. Measurement of the pH of the solution

The pH of the corrosive media, distilled water for
preliminary runs, was measured using an E.I.L. 23A pH meter,
with a glass electrode and a saturated calomel electrode as
half cells. The meter was standardised frequently using
buffer solutions of pH 4.00 and pH 9.15. The electrodes
were thoroughly washed in the corrosive media and then the

pH determinations made.
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l. Introduction

The treatment of specimens immediateiy prior to and
after runs is discussed,

The equipment was usually tested using tap water as the
corrosive medium and a problem of taking potential measure-
ments, due to the heating method, arose. This problem is |
considered and a temporary method of taking readings was
used until a more setisfactory method of heating could be
found. A solution to this heating problem is discussed.

The results obtained from the preliminary runs using
'thé original heating method are recorded and suggestions

offered in explanation of the phenomena.

2. Specimen Treatment

Specimens were prepared as described in an earlier
-chapter, and after the normalisation process the specimens,
now covered with an oxide film, were stored in a dessicator.
This film hed to be removed before corrosion tests could
commence, Similarly, after corrosion a method of removing
the corrosion product had to be used, so that weight loss
determinations eould be made. In the latter case it is
essential that metal is not removed during the process, or
at leést kept to a minimum and allowances made in the weight

losé determinations, Several chemical methods are available




-3
| 32 -
for removing corrosion products , and the method decided
upon was the usé of Clarke's solutionss. This is a solutvion
of 2 gm stannous chloride and 2 gm antimonious oxide in
100 ml concentrated hydrochloric acid, the additives serving
as inhibitors to the metal dissolution process. In pract-
ice it was found that all the corrosion product waes removed
by the solution in less than a minute. Blank tests were
performed, immersing the specimens for up te fifteen minutes,
and weight loss determinations were then made., The weight
loss during blank tests was negligible in comparison to the
1095 in a normal corrosion run.

This method, though, leaves a small deposit of antimony
on the surface, which, while haﬁing negligible effect on
weight loss determinations could affect the corrosion
processes. Therefore it Wés decided to use concentrated
'hydrochloric acid to remove the oxide film caused by the heat
ﬁreatment prior to & run, producing a reproducible etched
surface on thé specimens. After treatment with the acid
solutions, in each case the specimens were washed in dis-
tilled water, rubbed dry with a soft cloth, immersed in
carbon tetrachloride to remove grease films, dried and care=-
fully weighed. |

Specimens were treated immediately prior to a run and

were then carefully placed, with as little contact as
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possible, on the silica sheath. -To prevent cracking of the
silica tube the specimens Wefe first placed on a mild steel
rod fractionally larger than the silica tube and from there
moved onto the sheath. The heating coil was then fixed

inside the sheath and the whole bar fixed into the vessel.

S. Start-Up

Runs were initially carfied out using tap water as the
corrosive medium, with a small number of specimens and the
slit in the specimens in various positions. Weight loss
determiﬁations indicated that there was no significant
difference with respect to slit position. Therefore the
slit was in future runs arbitrarilly placed at the top.

During these runs it proved difficult to measure the
surface potential, and absurdly high readings were obtained
when the current was flowing through the heater.  Reasonable
readings were obtained if the current was switched off
immediately prior to any.reading.. To find the cause of this
effect, the system-was simulated on bench scale and several
experiments were performed, The specimens were replaced by
a length of lron wire, and the heating coil was replaced by
a large number of turns of copper wire wound around the
specimen. These experiments established that, due to the

heating coil, currents were being induced in either the
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specimens or in the probes. These currents were being
transformed into a D.C. signal in the first valve stage of
the millivoltmeter. The most likely pick~-up point was in
the high resistance of the solution between the specimen and
reference electrode. |

Obtaining a reaéoﬁable reading, 1f électricity'was to
remain the heating media, could be done in.two WaYS e The
A.C. componentv In the measuring cirocuit could be shorted
prior. to the millivo;tmeter or & non-inductive winding could ‘ ?
be used for fhe heating coil. The former method would
merely ma sk the”effect and 1f the induced currents had an
- effect on the’cbrrosion processes, Which.Torigoels suggested E
they may, then the corrosion results would be suspect.
Using a non-inductive winding as the heater was thought $0 be
tbe better method. Initially runs were performed using the
inductive winding until the other was obtalned. Compari-
SOns were made of the results with each winding. During
these runs surface potential readings were obtained by

switehing off the heater immediately prior to taking a

reading.

4, Experimental Procedure in Preliminary Runs

Diétilled water was used as the corrosive medium.

Blght specimens were used in each run. Six under conditions
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" of heat transfer, and two as blank specimens -~ not on the
heated part of the tube, The specimen tube was fixed into
the vessel and the vessel filled via the side arm until the
water was approximetely nine inches above the specimens, |
The water to the condenser was turned oﬁ, and the heating
current was switched on and maintained at a set value.

Potential readings were taken periodically throughout
thé run via the front sealing gland. - They were taken fre-
quently at the start of any run and every half hour once the
system had settled down with the exception of the overnight
pefiod. |

Temperature readings were taken periodically throughout
the run, again at every half hour once the system had
settled down.

Ruﬁs-were of 24 hours duration and at the completion of
a run, the speéimens were treated as described earlier,

weighed, and stored in a desiccator for later exemination.

5. Results of Preliminary Runs

1. Potential measurements

At any one time within a given run the potentials of
different specimens were almost equal, the two ouber speci-
mens having a lightly lower potential than the others.

This was in the order of 2-3 mV'difference in 600 mV and was




thought to be negligible. Potentials are quoted as negative
to a standard calomel electrode.
Within a given run the specimen potential varied with
time in a manner typified by the example shown in Fig.3.2.
The average final potential of a run showed an increase
with increased heat transfer rates, See Fige3.3.

ii. Weight'lbss measurements

Within a given run there appeared to be some bias with
respect to position on the specimen tube. The trend is
indicated in Fig.s;é. The weight loss by the centre and
outside spediﬁens was less than the‘regions between, Due
to the scale used the erfect ls exagerated in the dilagran,
the deviation between maximum and minimum weight loss was
in the order of %%, 20% in the wovsk coge vecovded

The average weight loss of both heated and unheated
specimens plobtted vs heat transfer rates are shown in
Fige345e

1ii. Temperature measurement

The surface temperature of the metal increased rapidly
at the. start of any run and then steadied down to a value
held for the remainder of the run. A typicel example is
shown in Fig.3.6.

iv. pH measurement

The pH of the solution was measured prior to each run
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and was in. the order of pH 5.2 to 5.3. After a run a
sample of water was retained, allowed to cool and its pH
measured. This was found to vary between pH é;B-and 7.1
but the variance was random and bore no relation to heat
transfer rates, This was thought to be due to difficulties
in obtaining a representative sample from such & massive
1iquid source. The results are included in Appendix 2.

v. Visual observations

Prior to a run all specimens had a similar surface, a
dull matt sheen on é smooth, regular surfaces At completion
of a run the specimens were all coated with a’black corrosion
product. On the specimens which had undergone heat fransfer
wefe scores, made in the same direction as the bubble paths
during a run. This was much less noticeable on the blank
specimens., Bubbles were formed at various points on the
surface, then rolled up the sides of the specimen, and left
the surface near the top, as shown in Fig.3.7. The sever-
ity of the scoring was greatér with lower heat as shown in
the photograph Fig.3.8. Pitting also occurred at the
bottom of specimehs where numerous bubbles formed and re-
mained'statiohary for éome time, particularly during the
- first part of runs, Pitting was also greater at lower heat
fluxes, see photograph Fig.3.9.

As stated the specimen surface at the beginning of a
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run was a matt sheen. As soon as the run started bubbles
formed on the surface and rose up the sides marking the
surface. After a while a brown deposit developed over the
surface which slowly, as the run progressed became darker
until it became the black product mentioned above. At low
heat fluxes the brown deposit persisted for much lcnger than
at higher heat fluxes.

As boiling commenced a hot/cold water interface devel-
oped around thevheaﬁer tqbe and spread as boiling became
established until it was a flat layer just below the speci-
men tube. As boiling cohtinued the layer progressed down
the vessel and after a time - which varied with the heat
flux - reached the bottom of the vessel, The darkening of
the corrosion'pioduct coincided approximately with the

formation and movement of this layer.

6. Conclusions and Discussions

i. Potential time curves

The potvential time curves seem %0 dlvide themselves
inte‘threé distinct sections - see Fig.3.2. Before the
heater current was switched on the specimens maintained a
potential of 350 mV negative to a standard calomel electrode.
When heating commenced the potential changed immediately to

550 mV and steadily decreased whlle deaeration occurred,




'¥44—

without boiling, and- section AB mey be considered to be
essentially a deaeration section, At point B the hot cold
lnterface previously mentioned formed and at Point ¢ had
flattened out below the specimen tube. By point C boiling
was well developed and the potential continued to fall and
at point D gppeared to be attalning a reasonably steady
velue. At this point the hot cold interface reached the
bottom of the vessel, which in the run on which Fig.3:2 is’
based occurred after approximately five hours, The

potential suddenly'decreased and attained after a short time

a potential which was maintained for the remainder of the run. -

ii. pH changes

The increase in pH, which ocourred in all cases, could
be due to two distinct~eausé55 At the commencement of a
run the distilled water used had a potential of approximately
5.2, probably due to dissolved gases such as carbon dioxide.,
As the run proceeded the carbon dioxide would be desorbed and
the pH of the water should then be approximately 7.0.
Boiling separaté samples of wafer showed this to be the case.
In some cases however pH values greater than 7.0 were
observed which must be due to some other cause. The most
likely eiﬁlanation is that a reaction which either produced
hydfoxyl ions or removed hydrogen ions was involved in the

corrosion process,
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iii. Weight loss vs heat flux

The plot of weight loss vs heat flux is shown in Fig.3.5.
This indicates a decrease in corrosion with increased heat
transfer, and is a contradiction to the observations of

11,12,19 ‘

other workers in non bolling regions. TFrom thermo~
dynamic considerations it was stated in chapter 1 that
boiling conditions offered different circumstances to non
boiling heat transfer conditions in as much that large
changes in heat transfer rates produced relatively small
changes 1in surface temperature. The dissolution and
oxidation of iron in aqueous media are exéthenmic prooesseé,
thus by Le Chateliers principle the introduction of heat
energy to the system would shift the reaction equilibrium
in such a way as to cause less metal to react. The ihcrease
in temperature associated withs«in increase in heat transfer
is shown %o be small ~ see appendix 1 and it could be
suggested that the resultant increase in reactlon rate was
not sufficlient to offset the shift in equilibrium and there-
fore lower corrosion rates oc¢curred at higher heat fluxes.,

Another explanation for this phenomenon cquld.be oxygen
availability at the surfaée, At low heat fluxes complete
deaeration of the solution was a slow process and continued
for sevefal hours as the hot ¢old water interface moved down
the vessél and therefore at low heat fluxes oxygen was

available at the surface for longer periods than at higher
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heat fluxes, where deaeration was more rapid. It has been
suggested54 that at low oxygen concentration oxygen will act
as an accelerator for the corrosion procegses in'iron in high
temperature waters, and thus the presence of oxygen for
longer periods at lower heat fluxes would lead to the higher
rate of corrosion observed.
A third possibility was that in some manner the steam

bubbles produced on the surfeace during boiling protected the
metal surface and with greater covering by the steam bubbles

at higher heat fluxes corrosion is reduced.

iv. General Discussion

Of the explanations offered above it was thought that
the second was the most important, end when the weight loss
-vs heat flux curves &are considéred together with the visual
observations and the potential time curves this explanation
is supported. The solutions used were of neutral pH, prior
to a run having a pH of approximately 5.2 and after a run a
value of approximately 7.0. It has been suggsstedgs’se that
in serated neutral solutions the predominant cathode reaction
is the oxygen reduction reaction

0+ HO + 2 - —>  3(0H)* oed(ild)

The corresponding anode reaction was the dissolution

of iron to ferrous ions.
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2+ ,
Fe "-"—"r*—-ﬁ_.Fe -+ ae . L -..5(1)
At the boundary of anodic and cathodic areas ferrous
ions react With the hydroxyl ions to produce ferrous

hydroxide,

Fe' . 2(om)!

> Fe(OH)2 0095(11’)

In the presence of dissolved oxygen the ferrous hydro-
xide is oxydised to the ferric state |

4 Fe(OH) + 0 + 2H 0 —>2 Fe 0 .H 0 eee3(1il)

2 2 2 23 2 .

This préduct, ferric hydroxide, is usually rust or brown
in colour and was probably the product formed on the speéie
mens in the early part of all runs. The oxygen content of
the heated water would be replenished from the cold water
below the hot/cold water interface as it moved down the
. tube, and the reaction potential would remain reasonably
constant once the reaction mechanism was established, de-
creasing slightly as the oxygen content decreased, This
was in agreement wiﬁh the potential time eurves obtained
during runs as shown'in section D.E. in Fig.3.2.

Also as the run proceeded the decrease in oxygen con-
centration would éhange the mechanism of the reactions.

The metal dissolution reaction, 3(1i) and the ferrous hydroxide




- Qe

formation 3(ii) would.remain unaffected by the oxidation

reaction would be modified %o

6 Fe(OH) + 0 —4 H O+ 2 Fe 0 H 0 vee3(1V)
2 2 2 34 2

Fe 0 .H 0——>Fe 0 + H 0 .o 3(7)
34 2 3 4 2 : |

Thus with restricted oxygen availability the corrosion
product would be black magnetite. The darkening of the
corrosion product observed as the run progressed would be
explained by this modification in the mechanism,

At point D in Fig.3.2, The hot/cold water interface
reached the bottom of the vessel and no more oxygen was
available for either anode or cathode reaction'and an
alternative cathode was required if corrosion was to con-
tinue. Under these conditions the most likely reaction

would be a hydrogen evolution reaction

HO+H —>H + O | .o o3(vi)
2 2
..'-
oY 2H + Re —=H oool(ii)
2

The potential of this reaction is lower thén that of
the oxygen reduction reaction and therefore a fall in the
electrode potential of the system would be expected. This

is in agreement with observed results which indicated a
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sudden fall in the potential as the last of the oxygen was

desorbed. The potentiel steadied and maintéined the value

until the end of the run, it was therefore assumed that

thgre were no further changes in the process mechanisﬁé;
Potter57 has observed that mild steel specimens immersed

in high temperature oxygen free water developed a magﬁé%ite,

Fesoé, film on the surface, The suggested mechanism, has

as before ferrous hydroxide as an intermediary.

re't 4 2 OH' — Fe (OH)2 3(vii)

3Fe ( OH) >Fe 0.+ 28H 0+ H 3(viii)

2 3 4 2 2

The experimental observatioﬁs were in agreement with
this mechenisms The black corrosion product, which devel-
.oped as deaeration proceeded, persisted uhtil the end‘bf
the ruhse

Another factor in support of this was the weight loss
of the blank specimens which followed a similar trend in
‘weight loss to the heated specimens. Since the blank
specimens were not being heated it would imply that aﬂféctor
other than heat trensfer was the coantrolling factor. The
okygen concentration and availability would explain this

completely.
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The division of the surface into anodic and cathodic
sites - the pits and scars mentioned previbusly - can be:
explained. Bubbles of gas or vapour formed in a liquid
tend ‘o fOrm_at active Sites38 where conditions of temper-
ature and surface are ideal, Thus both in deaeration and
in bbiling)cxygen-and steam bubbles are formed at these
gpecific points. This was noted during runs. Where steam
bubbles formed an area of differential aeration would be
established59 and the area beneath the bubble, starved of
oxygen, would become anodic o0 the rest of the surface,
and a pit would form. Pits were observed both at the
bottom of the specimen where many bubbles were formed and
for a time were stationary, and at the top where the bubbles
left the surface: Similarly as the bubbles rose up the
sides of the specimen the bubble path would be anodie,
which would explain the vertical scars on the surface,

The sma1l peak, BC, in the potential time curve, was
thought to be due to a change of mechanism,. Initially
cold water was being heated, and oxygen desorbed on the
surface of the specimens, and differentisl seration cells
would establish themselves at the active sites. At an
active slte the bubble formed would remove oxygen ffom its

immediate enviromment, and thus the area would tend to

becone anodio, see Fig.3.10, since oxygen is required forx
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the cathodic reaction. Most of the bubbles tended to
remain on the surface until the small peak BC Fig.3.2 was
reached. . At ‘this point bubbles started»toArise up the
sides of the specimen leaving dark scores in their path. .
As they moved the area-%n the path would have oxygen avail-
able and the cathodic reaction would be depolarised in the
areas(ardund the bubblééo thus causing an incréase in the
potential see Fig. 3.11. As the hot/cold water interface
became established, at point C Fig.3.2, the oxygen-avail—
ability at the surface would decrease due to the lower.
solubility of oxygen.in hot water and the removal of the
previously stationary air bubbles on the surface., This
would cause polérisation of the cathodic reaction and the
potenﬁial would decrease once more, and would continue to
do so until point E, when, presumeably the hydrogen evolu~
tion reaction beceme the cathodlic reaction in the ebsence
of oxygen.

These explanations satiéfy all the experimenial obser-
vations, and so it was decided to find the effect of per-
forming runs in oxygen free solutions. This would be a
further check on the explanation, and would at.the same

time eliminete enother variable, in particular a variable

which was not constant throughout any given run.
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Chapter 4

Experiments in de-oxygenated solutions
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1. Introduction

’

The design and construction of the modifications to the
original apparatus are discussed, The method of measuring
the oxygen concentration of the solutions is shown. The
method of operating the apparatus is described, where it
differs from the preliminary experiments, The results and
conclusions from the experiments are discussed and suggestions

made for future work.

2. The design and construction of the modifications

i. The Packed Tower

Modifications were made with as little disturbance of
the original apparatus as possible, the side arms included
in the first design making this poésible. A convenient
method of de-oxygenating the solutions was by scrubbing with
an inert oxygen free gas, such as nitrogen, in a packed
column. During the de-oxygenation it had to be arranged
that the specimens did not bome into contact with the
solutions, but during this seeéion of the run the specimens
had to be sealed into the corrosion vessel, and the system_
made airtight before de-oxygenation commenced, so that the
system could be purged of oxygen. Tor this reason the

solution coming from the packed column was fed into a con-

taining vessel above the corrosion cell, with an overflow
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to the latter so that the solutions could circulate continually.
At the end of de-~oxygenation the corrosion cell was filled

from the vessel above and the corrosion sectlion of the
experiment was started.

One problemvof de~oxygenating the solutions was in
reducing the possibility of oxygen adsorbtion by the solutions
from the surrounding atmosphere via rubber tubing etec.
PotterQ; in a study on this pfoblem came to the conclusion
that neoprene rubber would prevent most of this adsorbition
and therefore the Q.V.F. gaskets used were made of this.
Ilsewhere rubber was kept to a minimum:. As & further pre~
caution the circulation of the solution was by nitrogen 1ift
pumps, which kept the whole system under a slight positive
pressure of nitrogen, The nitrogen was passed through the
whole system prior to passing through the column to ensure
fhat oxygen was purged from all parts.

A rigid design of the columﬁ was not considered necessary
and was censiderably over designed to ensure as complete
de~oxygenation as possible. The calculations are shown in
Appendix 3. The column was three inches in diamebver and two
feet six inches in height packed with %" ceramic Raschig rings.
| The level of the solution in the corrosion vessel was o

be kept below the specimen tube to avoid wetting and there-

fdre the solution from the column was fed taja 20 litre
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aspirator above the corrosion vessel, Connecting this vessel -
to the corrosion vessel was an overflow system which returned
the solution to the latter below the surface in order to
avoid splashing. At the end of de«oxygen&tion‘the solution
was Ted into the éorrosion vessel by opening a tap in the
overflow system (see Fig.4.2.) |

Badger and Banchero42 suggested that for air (or nitrogen)
1ift pumps that the ratio H should be not less than

1+s +Hy

0.66, if reasonable efficiency is to be obtained where

H = submerged height,
s

H = 1lift height, es shown in Fig.4.l. Therefore, since
e

the lowest level was-fixed at below the specimen tube, three
stages were required to obtain the necessary 1ift. The
aspirator into which one line discharged acting as the sub-
merged line for the next stage. The nitrogen supply was
from white spot grade compressed nitrogen cylinders.

Separate lines went to each of the lift.  The nitrogen
effluent from the first two stages passed from the pumps into
the corrosion vessel to purge all the oxygen present, From
the vesgsel it was passed counter currént to the solutions
through the packed column and discharged to the atmosphere

via a bubbler at the top of the column. The nitrogen from
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the third stage was discharge directly via the bubbler. Thus
the whole system Wés purged with nitrogen and there was little
opportunity for oxygen to enter the system, The airtightness
of the system was tested by completely filling with water

and all leaks were sealed under these conditions. The
complete flow system is shown in Fig.4.2.

ii. Oxygen concentration measurement

The oxygeh concentration was measured by at Magna
Coporation Oxymeter, model 1070, which used as its working
principle the elec¢trochemical reduction of oxygen. The
current between anode and cathode being a measure of the
concentration. The sensor assembly consisted of an anode
~and cathode mounted on an inert plastic body. This was
dipped into an electrolyte and covered with a plastic mem~
brane which would allow only oxygen and some other gases to
permeaté. The membrene was smoothed carefully over the
electrodes then sealed by means of an "O" ring and sleeve,
as shown in“Fig.4.5. This was direotly connected to the
‘indicator which consisted of a meter and two controls. One,
the range control, ellowed the selection of the desired
microameter scale, ebitarily graduated from "0-20" and
10=-100", The‘other, the ad just control, was used for
calibréting the systen. Calibration of the system and the
celculation of oxygen concentration from the readings are
- shown in Appendix 4. Samples of the solution were taken

via the 4" sealing gland through & cooling coil to the
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oxymeter fixed in a vessel shown in Fligedod. The solution

temperature in the vessel was measured.

A photograph of the whole apparatus is shown in Fig.4.5.

Se 'Method of operation of the apparatus

Speclmens were treated, prior to runs, in exacily the
same manner a&s in the preliminery runs.  After sealing the
specimens in the vessel, as described in chapter 2, the
solution, once again distilled water, was poured into the
filling vessel and from there allowed to fill the corrosiocn
vessel until the level was just below that of the specimen.
The first 1ift puﬁp was then furned on and the solution
pumped to the first espirator, More solution was fed into
the corrosion vessel to maintain the level, When the first
aspirator was full the second 1ift pump stage was started and
oontroiled‘such that the level in the first aspirator was
meintained. Similarly when the second aspirator was full
the third stage was stérted. The solution after the third
stage was passed down the packed column, counter current to
the nitrogen flow. The solution was then collected in the
large aspirator until there was sufficient in the system for
the corrosion section of the run. The feed vessel was then
isolated and the system run for six hours, solution being

returned to the corrosion vessel from the main aspirator,
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After six hours the lift pumps were stopped, and the solution
fed into the corrosion vessel. A sémple was passed through
the oxygen measurement vessel and was allowed to overflow:
for a tine. The meter was then fixed in position and the
solution run through the system until a steady reading was
obtained, which was recorded. The level of the solution

in the corrosion vessel was adjusted to nine inches above

the specimen tube and the procedure described in chapter 2

was continued for the corrosion section of the run.

Results

i. Potentiel-time curves

As in previous experiments the potentials of all specimens
at any one time Wefe equal. The potentials varied with time
in a given run in the manner shown in Fig.4.6. Comparison
with Fig.3.2::showed the specimens to be at a lower potential
for the first few hours of the run and also the lack of an
equivalent peak to BC in Fig.3.2. The average final poten~-
tial again decreased with increased heat transfer, see
Fig.4.7, having similar values to the corresponding aerated
solution runs,

ii. Weight loss measurement

The weight loss in all cases was lower than that in the
corresponding run in aerated solutions. With respect to

heat transfer rates the weight loss varied little, decreasing
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slightly with increased heat transfer as shown in Fig.4.8.

iil. pH measurement

Samples of solution were teken after de-oxygenation and
were found Tto have pHs of 6.9 - 7.0. Samples taken at the
end of a run were cooled, and the pH measured. Values of

approximately pH 7.0 were obtained in all cases.,

- iv. Visual inspection

Prior to & run all specimens were in the same condition
as in aerated solutions. At low heat fluxes some streaking
occurred, though very little, The surface was duller than
at the start of a run but corrosion prcductMWas slight. At
high heat fluxes a small amount of a grey/cold deposit was
noted on the surface, which was slightly darker at the
bottom of the specimens.

v. Oxygen concentration measurement

Oxygen econcentration was measured after de-oxygenation
and at the end of each run. Prior to heating the oxygen
concentration was approximately 0.03 p.p.m. At the end of
each run the'oxygen‘concentratian was herdly measurable but
certeinly less than 0.02 p.p.m. |

vi. Surface temperature measuremechnt

The surface temperature versus time curves followed

almost identical trends to the preliminary runs, reaching the

same final temperature for the corresponding heat flux
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(calibrated at a later daﬁe).

The - full results of de-oxygenated runs are shown in

Appendix 5.

Conclusions and Discussion

‘The comparison of the weight logs of the first and second
series of runs shows & marked decrease in the de-oxygenated
solutions, Thus it would appear that the suggestion in
chapter 3, that oxygen was an important factor, was correct.
The potential held by the specimens was almost the same as
the povential of the specimens in the latter stages of . the
corresponding aerated run. It is therefore thought that the

mechanism 1s the same. As suggestedﬁin the absence of

oxygen, which in the second series of runs is established and

in preliminary runs essumed, the mechenism would be.

The anodic reaction, the dissolution of iron:=-

The cathodic reaction, a hydrogen evolution reaction:-

2H + B2e --———>H8 - veel(i1)

| X '
or H O"i‘ H "*"‘?—‘H +OH OIOS(Vi)
2 P |

The reaction at the boundary between anodic end
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cathodic areas:-

> Fe ( OH) | eeeB3{vii)

Fé't 4+ 2(0H)!
| 2

and possibly continuing to:-
BFe(0H) —>TFe 0 + 2H 0 +H : eosB3(viili)
2 3 4 2 2
The last two reactions producing the corrosion product
noticed in these experiments.

The weight loss versus heat flux curves indicate in this
series of runs that the change in heat transfer rates has
littlé effect on the corrosion rate, as shown in Fig.4.8.

I¥ has already been shéwn that the surface temperature varies
little under boiling conditions, and it is thought that this
may well be the controlling factor in the corrosion processes
involved with heat transfer. The work of Illingworthl9
showed an increase in corrosion with increased heat transfer
over & similar range of heat transfer rates to the present
work,. However the surface temperature changed in non boiling
conditions by 1500F over the heat transfer range, whereas,
over & similar range the change is 6GF under boliling
'conditions. Thué if surface temperature were the controlling
factor, little change in the corrosion rate under boiling

conditions would be expected,‘though if it were the only

factor a slight increase rather than decrease in corrosion
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rate would be expected with inoreased heat transfer. The
other factor is possibly the introduction of energy to the
system altering the reaction equilibrium as suggested in
chapter 3.

From the first and second series of runs it is indicated

that oxygen plays an important role in the corrosion process.

~ Though in eerated runs its extent cannot be estimated without

further experiments since oxygen concentration is not con~
stent throughout the runs. Therefore the first two series

of runs were repeated, with time as a parameter, to separate

these effects,
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Chapter 5

The change of corrosion rate with time
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1. Introducticn

Prior to this series of runs the non inductively grooved
former was available and trials with various forms of
heating were performed and conclusions drawn. The experi-
ments with time as a further parameter are recorded and the

results are discuSsed.

2, Experiments with various forms of electrical heating

It was mentioned in chapter 3 that a problem had arisen
in taking surface potential measurements. If the heater
current was switched on absurd readings, in the order of 4volts
negative to a saturated calomel electrode, were obtained.

The method used for the first two series of runs was to
switch off the heater current immediately prior to any
potential reading. Trials were made, and it was established
that the readings were due to currents induced in either the
specimens or the probes to the surface. | These currents

were being rectified in the first valve stage of the milli-
voltmeter, causing the absurd readings. These signals could
be shorted out, but this was thought to be masking the
problem, since the currents would still be flowing within

the corrosion cell and may be affecting the corrosion
processes. A method was therefore required to remove or

cancel these currents. ''wo methods were consideréd as
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feasible, these being the use of a non-inductive winding with
either -alternating or direct current,as the heater. With
alternating current the osurrents should cancel each other
and the nett induced current would be zero. . Using direct .
current in the form of a coil would produce a magnetic field,
but with a non inductive winding the fields would cancel

and the nett field would be zero. The non inductive former
was constructed of a star shaped section aliminous porcelain
rod, lémm in "diameter®™, 8" in overall length, with the
central 7" inéhes, grooved externally at ten turns per inech
with a two start thread, the grooves approximétely 0, 75mm
wide and 1.0mm deep. The Nichrome V resistance, as used
for the previous experiments, was wound in one direction for
the total length of the former, fixed at the end, and then
wound back, as shown in Fig.5.l. The’resistance of the
coll was 30.5 ohms. Fine bore steel tubing was pushed

over the wire used as leads to the coil and crimped onto 1%,
-reducing the resistance of the leads, and the whole systen
was covered with silica cement and baked in an oven. A
similar silica tube was used as in the preliminary experi-
ments, but since both electrical connections were at one
end, the other end of the tube was sealed, which greatly
facilitated placing the spécimens on the tube. The tube,

apart from the section occupied by the former was filled
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with asbestos wool, to reduce heat loss along the tube.

The specimen tube in this form was used for both alternating

and direct current,

i. Alternating current experiments

The circult was the same as for the previous series of
runs, with the exception of the heater, as described, The
voltage across the heater was controlled by the variac and
the system was as shown in Fig.2.l. Ruus were performed at
various heat fluxes in éerated solutions for twenty four
hours and the weight loss results, and potential resulis
compared with those using the induective winding. Potential
measurements were still slightly sensitive to the switching
off and on of the heater -~ varying by 2-3mv.

ii. Direct current experiments

For the power requirements it was decided that the best‘
method would be to. rectify mains AC, using a full wave
rectifier, The D.C: ripple was removed using electrolytic
condensers across the rectiflier output. The rectifier was
a gilicon bridege rectifier, rated at 400 P,I.V., and 10 amps
maximum current. The smoothing condenser, was a bank of
eight 5OQ/uF electrolytic condensers, rated at 350 v. The
voltage and current of both reetifier input and output
beyond the smoothing condensers was measured, The full

circuilt is shown in Fig.5.2. Runs were performed at various
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heat fluxes, though due to the power dissipated in the con-.
densers this was kept to lower rates. Weight loss and
Potential readings were taken and compared with previous
experiments., The heater had no effect on the potential
measufements;

iii. Results
Weight loss vs heat flux curves for the various runs

-are shown in Flg.5.3. The curves are compared with the
gurve obtained from the:inductivelwinding and it was found
thet there was no significant difference between the heating
‘methods. This would indicate that the induced currents
were héving little or no effect on the corrosion processes.
| Similarly the potential time curves were compéred._
The readings obtained using the non inductive A.C. circuitb
weré slightly higher thén readings obtained with the heater
switched off and compared well Wiﬁh'the feadings obtained
in previous runs, see Fig.5.4. The difrerenee in reading
could be eliminated by uéing a small condenser across the
input'to the millivoltmetgr. This.suggestion_was re jected
in chapter 3 since it was thought that this was merely
masking the probleﬁ, but as i1t had now been shown that the

induced curreﬁts were having little or no effect, it was
| decided that shorting the A.C. component was justified, in
order to obtain a continuous correct reading. For the

remainder of the runs it was decided to use the non inductive
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winding because continuous potential readings could be taken.
Alternating current was used because it had greater range

than direct current,

3. ILxperiments with time as a parameter

i. Experimental

The same procedure was used as in previous experiments,
depending upon whether aerated br de~oxygenated solutions
were used. The use. of the -new heater allowed continuous
potential readings to be Taken however and these were recorded
culsaéunvininigh impedance recordef with an external rheosivat
for calibration purposes. A reading was obtained on the
meter and the rheoétat ad justed until the same reading was
indicated on the recorder and a check repeated at the other
end of the scale,

The specimens were exposed to the solutions for a given
length of time, which was recorded. They were removed and
weight loss determinations made. ?otential,‘temperature
and oxygen concentration readings were taken and comparisons
made with previous runs. |

ii. Results

Potential Readings

The readings compared satisfactorily with readings from

the corresponding runs from the previous series, and are
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shown in Fig.5.4.

Weight loss curves

Weight loss vs heat flux for twenty four hour runs
compared satisfactorily with previous results, which was an
indication of the reproducibility of the system. Comparisons
are shown in Fig.5.3. VWeight loss versus time curves are
shown in Fig.5.5.. For all heat fluxes in aerated solutions,
the initial rate of corrosion was the same. At a tinme,
which, for any given hegt transfer rate coincided‘approxi-
mately with the hot cold interface reaching the bottom of
the corrosion vessel, the corrosion rete altered to a lower
value, which was once again approximately the same for all
heat fluxes., Comparison showed the corrosion rates during
latter part of runs in aerated solutions to be approximately
the same as the corrosion rate throughout de-oxygenated runs.

Oxyegen concentration measurements

Once again, as in the case of pH, difficulty was experi-
enced in-obtaining a representative sample, but trends were
indicated as shown in Fig.5.6. Initially oxygen concen=
tration in aersted runs decreased from the initial value to
a value which was held forhsome time and then the oxygen
concentration decreased almost to zero.

Full results are shown in Appendix 6.




100



Conclusions and Discussions

From Fig.5.5. 1Lt would eppear that the process in the
first part of the runs in aerated solutions was independent
of the heat transfer rate. Increasing the heat transfer
had no effect on thé corrosion rate. Oxygen concentration
measurements, although far from accurate,indicated that for
all runs the oxygen concentration in the solutions was the
same during/ggﬁly part, See Fig.5.6. This would be the
oxygen concentration of the solution at boiling temperaturés
in equilibrium with the cold solution below the interfece.
Once thé interface reached the bottom of the vessel the oxygen
concentration would fall; since no more oxygen would he avail-
able. Thus since the oxygen concentration Was-almost the
same irré%pective of heat flux it was thought fair to com~
vpare the corrosion rates directly, and it could be seen from
the initial slope of the aerated run curves that thelincrease
in heat flux had a negligible effect..on the corrosion rate.
This had already been shown o be the case in deoxygenated
solutions where a small decrease in corrosion rate was
noticed with increasing heat transfer.

Thus it is concluded that temperature rather than the
transfer of heat is the ilmportant factor in héat transfer
and corrosion of mild steels in distilled water., The slight

decrease in the corrosion rate could be explained by the
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change of equilibrium of an exoﬁharmic reaction due_to the
eﬁergy introduced to the system by heat transfer,

With this in mind it was decided to broaden the field
éf study by performing experiments with another metal, and

assessing the effect of this change,
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Chapter 6

RuUns ugsing copper specimens in various solutions
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l. Introduction

Mild steel specimens were used in all the preceding
experiments and, having drawn certain conelusiéns about the
processes involved, it was decided to change the metal used
for the specimens., Mild steel is an electronegative metal
and it was decided to use a metal somewhat different in char-
acter, The corrosion processes of copper, an electiropositive
-metal, vary from the processes of iron and steel, and it is a
widely used metal. It was therefore decided to use copper
spécimans for future work.

| The preparétion of the specimens is discussed., Experi-
ments were performed in aerated distilledlwater and in aerated
chloride solutlons. The results are given and the conclusions

discussed.

2. The specimens

The copper specimenswere mede from copper tubing %" in
internal diameter and 19 SWG wall thickness. The copper was

manufactured to B.S. 659 and B.S. 1172, having an analysis:-

antimony 3 0.005%
arsenioc 3>0.05%‘
bismuth b o.ooé% )
iron ﬂ>0.03%:
lead g 0.01‘%

nickel } 0.1%




.

%in %0,01%
tellurium, selemium  “0,02%
phosphorous *}0.080% & <0,0L5%

Total impurity excluding silver, nickel, arsenic and phosphorous
0¢060%. The remainder, not less than 99,85% copper, silver
eoumtiné as copper.

The mechanical preparation of the specimens was the same
as for the steel specimens. The specimens were then stretched
and heat treated simultaneously but at a lower temperature
than for steel, 44090, for three hours under & nitrogen atmos-
phére, followed by.aﬁ air quench. The oxide film, caused by
the quench, was removed with 50% hydrochloric acid. For
 removing the corrosion product éfter exposure it was found
that 50% hydrochloric acid was once more suitable, since blank
tests‘sﬁowed that it removed negligible cpppér in the time
required to remove the corroéion product. After cleaning
‘with acid the specimens were rinsed in distilled water, dried,
W&%hed iﬁ carboh tetrachloride, rubbed dry with a soft cloth,
ané then weighed.

3. IExperiments in aerated distilled water

'Runs were performed in exactly the same manner as for
steel specimens, for various heat transfer rates and times of
exposure. Readings such as potenvial measurement, pH of the
solutions, oxygen concentraﬁion and welght loss determinations

were made as well as visual inspection of the specimens.
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i. Results

a.'Potential measurement

The potential of the specimens was, before heating

approximately 50 mV negative to the saturated calomel eleotrode.

- Upon heating the potential increased rapidly, the rate depend-
ing on the heat flux. At high heat fluxes the potential |
increased more rapidly to a maximum and then decreased to a
ﬁalue which became steady after a number of hours. At lower
‘heat fluzes the rate of increase was less but the maximum was
at a higher potential than at higher heat fluxes. The
'specimeh potential then decreased as for high heat fluxes butb
the final value was.:-higher., The plots are shown in figs.
6.1 and 6.2,

b. Oxygen concentration

As for steel the measurements were not consistent but
showed very similar trends, The plot is shown in fig.6.3.

Ce Weight logs determinations

The weight loss curves are shown in figs. 6.4 and 6495.
As for steel in aerated solutions increasing the heat flux
decreased the amount of corrosion, but with copper the ceorrosion
rate was different for different heat fluxes throughout the
run, whereas with steel the corrosion rate was the same,
| independent of the heat flux, for a considerable time within

a I‘un (G.f. figo 604: and 5.‘5)0
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d. Visual observations

At the start of any run the specimens possess a smooth
matt sheened surface. As heating proceeded the specimens
became covered with a drak film which was.retained even after
twenty four hours. Specimens when removed after a short time
of exposure had, at lowfﬁéat fluxes, Small red deposits on
bare metal at the bottom of the specimens, and the dark
deposits on the sides. After longer periods of exposure the
red deposits were larger and there was le ss bare metal, At
higher heat fluxes the dark deposit was more general<and only
small amounts of the red deposif and bare metal were observed.
The deposits on the specimens are shown in fig. 6.6.

vH measurement

The measurement of pH once again proved difficult to
perform accurately since the sampling method was not satis-
factory. = Trends however were observed which as before in-
dicated an increése in the pH from an initial value of approx-
imately 5.3 to & value of approximately 7.1 after boiling had
become established.

The results are shown in Appendix 7.

Conclusions and Discussion

As in the case of steel speoimens,'ths corrosion over a
period of twenty four hours decreased with increased heat

transfer, but & breakdown of the corrosion rate with time
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‘indicated a difference in the processes, A comparison of
figs, 5.5 and 6.4 shows this difference.

Initially stesl specimens in eserated solutions corrodéd at the
same rate irrespective of the heat flux, but with copper
specimens the.eorrosidn rate varied with heat flux from the
beginning bf all runs, Brown, Roetheli and Forrest45 state
that the initial rate of corrosion of an electropositive metal,
such as copper, in agitated aerated solutions~of/given oxygen
concentration varies with the nature of the metal and the
corrosion rates are iow. For electronegativé metals howevér,
such as steel high corrosion rates are observed after a brief
period and the corrosion rate is independent of the nature of
the metal, the corrosion rate being controlled by the rate at
which oxygen can be supplied to the cathode. Thus, consid-
éring this relative to the present work, in ‘the case of steel,
during thedeaeration of the solution the stirring of the
solution due to the convection currents will assist the
provigion of oxygen at the surface. The heat transfer will

- cause two opposing effects, firstly at high heat fluxes the
stirring effect will be greater which will replenish the
oxygen at the Qurface'more readily than at lower heat fluxes,
and secondly the increased témperature of the solution will
cause a decrease in the oxygen concentration near the surfeace,
thus it could be suggested that oxygen availability at the

metal surface will be approximately the same for all heat
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fluxes, provided that oxygen is available from the bulk of the
solution. This suggestion is supported by the results obtained
for steel specimens where the initial corrosion rate, dependent
on oxygen availaebility, is the same for all heat transfer
retes. In the case of copper the controlling factor of the
initial reaction is the nature of the metal rather than oxygen
availabilityés. It_has been shown44 that on the immersion of
copper specimens in.aerated solutions a cuprous oxide film is
formed on the surface, this film tending 1o exhibit inhibitive
properties, and the surface ig divided into anodic and cathodic
areas, bthe anodlc areas being pores, exposing bare metal in the
oxide film, the cathodic area: At high heat fluxes it was
thought that the higher metal surface temperature relative to
the solution during the first few minutes of any run would
result in a fagter reaction rate to produce this inhibitive
film on the anode areas. This is supported by the more rapid
increase in potehtial at high heat fluxes, during the early"
stages of runs, This rapidly formed film would inhibit further
corrosion of the specimens and therefore the corrosion rate

at high heat fluxes would be lower than at lower heat fluxes.
‘This explanation satisfies the expgrimental observeations.,. As
oxygen is removed from the solution by bolling, it would not

be present to maintain the oxide»film and the potential would

become more-anodicm As in the case of experiments with steel

specimens the removal of oxygen occurred more rapidly at higher
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heat fluxes and therefore the potential would decrease earlier
than at'low heat fluxes.,
The suggested processes ares- |

The cathodic reaction -~ +the oxygen reduction reaction

o + HéO + Qe —> 2 (0H! eesd(iil)

The anodié reacition - the dissolution of metal to its

ions

Cu—>0i + e ceeBol

The preéence of oxygen in thalsolution, apart from its

reaction at the cathodic areas,will favour the oxidation

Gd+———9 Gu'\+ + € ceesDel

This reaction can take place in solution, oxygen acting
as the electron acceplor. Thus while oxygen is present, a
greater oorrosion rate would be expected, due to this depolar-
.isation and since oxygen is present for longer periods at low
heat fluxes, the weight loss from the specimens would be
greater. Oxygen would then, act as both an anodic and cathodic
depolariser, and this would explain the lack of streaking on
the specimens since the presence of oxygen itself would not
determine whether an area was anodic. or cathodic.

The use of aserated distilled water had the disadvantege
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of presenting a medium which was not constant throughout the
run, the main corrosive agent, the dissolved oxygen, being boiled:
out of solution, Also, as shown for the case of steel specimens
two opposing effects due to heat transfer oceur, (i) increased
mass transfer due to convection, and stirring by the bubbles

and (i1) the decrease in solubility of oxygen near to the
surface, at higher heat fluxes. It was therefore decided to
introduce a variable which would alter thesevfaetors. Experi-
ments were performed in sodium chloride solutions, whose
solubility near to the metal surface would increase at higher
temperatures, and therefore an increase in the heat transfer
rates would increase the chloride availability at the surface

by both mechanisms.

4, Experiments in adueous sodium chloride solutions

Runs were performed in aerated sodium chloride solutions
at two concentrations, 1 gr/ltr and 10 gr/ltr. Analar grade
sodium chloride was weighed and mixed in the correct propor=-
tions in distilled water. This was then introduced to the
system in the manner used in previous runs. Experiments were
then performed at various heat fluxes and for various times
of exposure, The measurements taken in previous runs were

also teaken in this series.




i. Results

8. Potential measurement

Initially the potential of the specimens altered from a
value -of about 50 mV negative to a saturated calomel electrode
to a value ﬁhich was dependent on the heat transfer rate, this
change occurred in a few mihutes, The higher the heat flux
used the higher the value of the potential, as shown in
Fig.G.V‘and BeDoe As the run proceeded the potential decreased
at a rate dependent on the heat transfer rate, higher heat |
fluxes leading to a greater rate of decrease of the potential.A
The potential levelled out as the runs progressed and in the
case of higher heat fluxes a slight increase was observed.

The final potential increased with increased heat transfer as .
shown in Figs, 6.8 and 6.10. TIncreasing the sodium chloride |
content of the solutions caused a decrease in the potential

at all stages of the runs as a comparison of the results will
indicate.

b. Welght loss determinations

‘The weight lost by the specimens with respect to heat
transfer rates showed different trends to all previous runs.
Increasing hesat transfer_rates from low values initially,
as in previous runs,éauséd‘a decrease in the corrosion rate
but as the heat flux was further increased a minimum weight
loss was reached and the corrosion rate increaséd. Further
increage in heat flux caused a further increase in the weight

loss. Increased sodium chloride concentration caused an
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- increase in the corrosion rate. The trends are shown in

Figs. 6.11, 6.12 and 6.13.

c. Visual observations

The dark film, noted in chloride free solutions, was
observed in both concentrations of sodium chloride. The
attack was much more general than in previous runs and no
streaking was observed on any of the specimens,The film was
formed almost immediately and persisted for some time, but
was slowly remgved,'particularly at high heat fluxes, es the
runs progressed.

de. pH determinations

Similar'tfénds and values to those of previous runs were
obtained, reaching, after twenty four hours, a value of
eapproximately 7.3 at all heat transfer rates.

The full results are shown in appendix 7.

2. OConclusions and discussion

The weight loss versus hest flux curve indiceted a trend
not observed in previous experiments. Between low and
intermediate_heat fluxes the weight loss decreased with
increased heat transfer, A minimum value occurred and at
higher heat Tluxes weight loss increased with increased heat
transfer. Increasing the sodium chloride concentration of
the solution increased the weight loss at any given heat flux,

end the minimum weight loss occurred at a lower heat flux.

S e ]
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In this system there were two factors. Initlially oxygen was
available at the surface and as the runs progressed this was
remo#ed by deaeration, the rate of removal being dependent
on the heat transfer rate, The chloride ions howevef were
not removed by the heat transfer, and were present throughout
the run. It can be seen from Figs. 6.11 and 6.12 that the
initial rate of corrosion varied considerably with heat
transfer. This was also the case in chloride free solutioné,
but under those conditions the rate of corrosion decreased
with increased heat transfer, throughout the heat transfer
range. In chloride solutions,howe#er,the corrosion rate
decreased with increasing heaﬁ transfer at low heat fluxes
but at higher rates the corrosion rate increased, The sug-
gestion put forward for this phenomena in chloride free sol-
utions was that at high heat fluxes more oxygen was available;
due to deaeration during the first few minutes of the run,than
at loﬁer heat fluxes, and this caused most of the surface
to be covered by an oxide film exhibiting inhibitive properties.
This film would be maintained by the oxygen in the solution
and‘corrosion would be decreased. The presence of chloride
alters this situationt Gatty and Spocp:ne:tf:5 state that
chloride ions in the solution will heve the effect of breaking
down this oxide film and rendering the copper available for |
attack. The breakdown is more severe 1ln acid solutions since

in neutral solutions the higher pH helps to maintein the oxide
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film, but under the severe conditions in the apparatus it 1is
possible that this might occur. At higher heat fluxes the
mass transfer of chloride ions to the surface would be greater
both due to agitation caused by convection and bubbling, and
due to the higher solubility of chloride ions at the inter-
phase. Thus at low heat fluxes the oxide film would form
slowly and corrosion would occur, at intermediate heat fluxes
the oxide film would form fairly rapidly and have an inhibitive
effect, yet the breakdown due to chloride ions is not appre-
ciable, and at high heat fluxes the inhibitive oxide film 1is
destroyed by the chloride ions. Two other facts support
this explanation. Firstly, after oxygen has been desorbed
from the solution a corrosion rate is established which
increases with increasing heat transfer, this can be shown
by considering the slopes of the weight loss versus time curves
Figs. 6.11 and 6.12. From this it can be inferred that the
processes involving the chloride ions are sensitive to heat
transfer and that the attack is more severe at high heat
flux rates. Secondly, a study of the effect of sodium
chloride concentration indicates that at higher concentrations
the minimum in the weight loss versus heat flux curve occurs
at lower heat fluxes. If the effect were due to the mass
transfer of chloride ions to the surface then this would be
the expected result, since at higher concentrations less

agitation would be required to transport the ions to the



=05 -

metal surface. Further sﬁpport was the apparent removal or
at least lessening of the film as the runs progressed. AFrom
these considerations it was thought that heat transfer direétly;.
rather than just the 1ncrea$e in témperature assoclated with

it, was an importent factor in the processes.
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Chapter 7

Overall Conclusions and Discussion
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Several factors have been studied in this WOrk. Previous
workers in this field did not éepar&te the effects of heat
transfer and specimen sﬁrfaoe temperature. This has been
done to a certain extent since boiling conditions presented
the opportunity to increase heat transfer rates considerably
with only small increases in surface temperature. These
separated effects have been applied to both electropositive
and electronegative metals and congclusions heve been drawn as
to which factor is the more important. It was found that
for an electronegative metal, such as steel, and in the
oxygen concentrations range used, the rate of corrosion was
independant of heat transfer rates providing that oxygen was
available at the surface for the cathode reaction. Previous
workers had found thet in similar environments increasing the
surface temperature increased the corrosion and it was theré-
fore indicated that surface temperature rather than heat
transfer is the more important factor. For an electropositive
metal, such as copper on the other.hand, the corrosion rate
in aerated distilled water, seemed to be dependent on heat
transfer since the corrosion rate over the first few hours'
of the run decreased with increased heat transfer.  However,
this was finally thought to be a temperature effect, the
higher surface temperatures in high oxygen concentrations in
the first few minutes of a run forming a more inhibitive film

on the metal surface at higher heat fluxes. This effect was
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also observed on iron . where at high temperatures and oxygen
concentrations inhibitive films were formed. The two-fold
role of heat transfer, which tended to increase the surfaoe‘
temperature only slightly in the case of boiling conditions,
and the increase in the mass transfer to and from the surface
- by convection and agitation, would cause, in the case of
dissolved oxygen, little change in its availability at the
surface. The increased temperature would cause a decrease
in the oxygen concentration near the surface due to its lower
solubility, increased agitation would cause more oxygen to
be transported to the surface, and the effects would tend to
cancel. It would therefore be expected that unless a
particularly inhibitive film was formed the corrosion ratés
would vary little with increased heat transfer. Large
increases in temperature, observed in non-~boiling conditions
would cause considerable increases in reaction rate, again
assuming no inhibitive film to be formed. Thus it is thought
lthat temperature, rather than heat transfer as such is the
important factor in the corrosion of metels in oxygenated
waters. 4

As indicated the solubility of oxygen decreases with
increased temperature, whereas the solubility of such salts
as sodium ehldride increase: with increased temperature.
Thus the two~fold effects of heat transfer would both tend

to increase the transport of ions to the surface, and the




reaction rate would he expected to alter with heat transfer
if aveilability was a controlling step. Experiments in

chloride solutions showed this to be the case,Aand it is
thought that both heat transfer and temperature are important

fadtors.

Suggestions for future work

It was thought that the reason for the initial decrease
of corrosion ﬁith‘increased heat transfer in aerated chloride
solutions was due to the formation of & inhibitive oxide film.
Runs could be performed in more‘acidicnéeiﬁtions where this
film would be less stable, and moré alkaline solutions where
it would be more stable and a study mede of the minimum point
in the weight-loss vs heat-flux curve relative to the pH of
the solution. Runs with salts of oxydising acids, such as
nitrates could be used terstablish the‘importance of the oxide
film on copper when increased transport may help to meintain
the £ilm. The above suggestions are work which could be
carried out without changing the basic apparatus. A change
which would be of Tfurther interést would be to extend the
heat transfer range in the film boiling region and the effect
of this assessed, where fhe same heat transfer rate could

result in different surface temperatures.
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Appendix 1

The determination of surface temperature

and heat transfer rates
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l. Introduction

The apparatus described briifly'in.Chapter 2 was, as
stated not used at that time, although the system is mentioned
there for the sake of completeness. Surface thermocouple
probe readings were taken during the preliminary run and were
converted to surface temperatures and heat transfer rates at
a later date, and these are the figures used in the graphs.

A cross check using the silica tube was made, which as shown,

~Justifies the action.

2. Measurement of the surface temperature

The system was described in Chapter 2. The specimen
drilled laterally at three points, and containing thermocouples
was heated in the corrosion cell in distilled water.  Readings
were taken, for various heat fluxes, of both the thermocouples
set in the specimens and the surface‘probe, pressed agalnst
the specimens and silica tube. These readings are shown in
Table 1. The heaﬁer used for the calibratvion was the non-
inductively‘wound former used in all later work. Readings
were btaken on three separate occasions using distilled water
as the solution. The average of the three runs was the
value used. Conversion to degrees Fahrenheit from millivolts
was-due to charts by Leeds and'NbrthropéG; All readings

were made relative to cold junctions immersed in melting ice.

The thickness of the specimen and the distance between
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Table 1

Temperature measurement of mild steel specimens at various

heat transfer rates.

(o)

Readings in mV and P.

Heat flux Sunken thermocouple readings Probe readings
inner middle outer Spec Silica
| 0 o _ o ~
volts amps mvV F nV B mvV iy mV mv
4,314 4.3183 44310 4.304
100 3.4 4.315 221,53 4.312 2231.39 4.309 221.38 4.305 4.313
4.514 ‘ 4,313 4£.310 4,304
120 4.0 4.366 B23.69 4.3D7 223.36 4.348 222.90 4.328
* 4,365 4,358 4,346 44322
} 4,405 4.390 4,373 4,350 4.364
150 5.0 4.400 225.44 4.387 234.80 4.374 224.04 4.355 -
4,404 . 4,391 4e374 4,349
4o4a? 4,426 4.403 4,371
170 5.7 4.449 227.26 4.435 226.35 4.403 225:36 4.374
44445 4,426 4,408 4.370 4.382
4,484 4.462 4.429 4,384
200 6.7 4.484 229.00 4.462 227.89 4.428 226.50 4.383 4.403
| 4.486 4,463 __4.428 4.384
4.4518 4.484 4,447 4,397
220 7.4 4.4520 231.40 4.485 228,37 4.448 227.285 4.396 4.416
4.4520 4,486 4,398

4.446




the thermocouple positions were measured with a travelling
microscope. The-disténces gre shown in Fig.A.ld. From the
above meaéurements a-temperature profile across the thickness
of the specimens could be,éstablished for any given heat flux
under steady conditions. A thermocouple reading had been
obtained by the su?face probe simultaneously and from this it
was possible. to calibrate the surface probe. The calibration
curve is shown in Fig;A.l.é togethér wifh the sfandaéd curﬁe,
constructed for more accurate determination of the sunken .

_ thermocouplettemperatﬁres.j From fhis 6urve thé surfaoey

~ temperatures. during runs could be established. The. discrep~
ancy befween.aotual and exbecteﬁ readings is prébabl& due to
cooiing of the thermocouple probe bead tending to result in a

low reading.'

Se The'calcﬁlation of heaf transfér rates

From Fig.h.l.2, by extrapolation, the temperature drop
across the whole thickness of the speciﬁen could be found,
thus thé temperature gradient across the specimen was calcul=-
ated., Using Foux?iers Equation

Q = =kA dt

- dx
where Q = rate of heat transfer  BIU/hr
kX = thermal conductivity BTU/hr/ftz/oF
A = surface area perpendicular to the direction of heat

flow ftz

- | !
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dt = rate of change of temperature with distance oF/ft
dx
For the conditions the thermal éonductivity of the steel was
5 -
26,0 BIU/hr/ft" /°FR/f%,
Consider 1 sq.ft, The specimen thickness was measured
(Fige.Ae.l.1) and found to be 1.12 mm.

Thus, Q@ = =26.0.1ls Ot =x 2,54 x 12
0.112

= =7080 At BTU /ur /04"

Therefore for any given temperature drop, the heat transfer

rate could be calculated, The results are shown in Table 2.

Table 8

Calculation of Heat Transfer Rates

Heater At Q

0 )

Volts Amps i BTU/hr /£t
‘ 4
100 3.4 1.87 0.90 x 104
150 5.0 257 l'.8:9,x'104
170 5.7 35650 2.48 x 10
200 647 4.75 3.36 % 1oi
2230 79 5.85 4,13 x 10

The heat transfer rates calculated have a corresponding
surface temperature., Thus a greph can be plotted of heat

flux vs surface temperature and from the surface temperature

measurements taken during runs it was possible to establish
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the value of the heat transfer rates. The plot is shown in
Fige Adl.4.

The apparatus used for these calculations was not working
satisfactorily ap the time of the preliminary runs. The
thermocouple probe was, however, satisfactory énd a cross check
was used .to enable‘the results obtained later to be justi-
fiably used to determine the heat transfer rates in early runs.
Surface temperature measurements of the silica tube were made
during the preliminary runs. For the tube it was assumed
that at the centre the heat flux could be calculated from the
electrical energy input to the heater and that no loss
occurred. A temperaturé profile showed no temperature vafiQ
“ance for the central six inches of the seven inches heated,

. therefore the assunption was reasonable. Thus a plot of

heat transfer rates vs surface temperature could be obtained
for the silica tube. A similar curve was obtained at the
time of heat transfer determinations. The two are plotted

in Fig.A.l.4. The agreement bhetween them is satisfactory

and therefore it Wés thouéht that using the temperature vs

heat flux curve for preli&inary runs was justified, The volt=-
age vs current cur%es usea in the caleculations are shown in

FigeA.1.5.
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Appendix 2

Results of preliminary runs
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1* General

Eight specimens were used in each run,

of heat transfer,

corrosive solution was

the specimen was 1.263 in2°
results marked” o
2. Particular Results
Run 4
Heater:- voltage 220v
current 7.QA
Weight loss:- 1% 2
. mg. $ .6 9.9
Average loss:* heated
blank
Heat flux: - 4.70 1
Potential (-ve to satd c.e.)
time Pot time Pot time
mins mV mins mV hrs
0 350 35 640 3
1 450 40 650 31
5 500 45 660 4
10 550 60 680 5
15 580 1120 715 7
20 640 135 720 8
25 655 150 730
30 630 165 760 24

and two beyond the heated

distilled water.

six under conditions
section. The

The exposed area of

Blank (unheated) specimen
pH:- initial 5.2
final 7.0
5 6 7
11.9 11.1 t1.0 11..2 11.4 1
11.3 mg 139 mdd
8.3 mg 102 mdd
10 BTU/hr/ft2
Temperature (TXT2.mV re
0°C)
Pot time Temp time Temp
mV min mV hrs mvV
780 8 1.701 1 4.396
790 13 1.723 2 4.398
800 18 2.904 4 4.399
800 23 3.825 6 4.402
805 28 4.280
800 33 4.385
38 4.390
800 43 4.390 24 4.401
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Run 5
Heater:- voltage 170v
current 6.1A
" Weight loss:- IF¥ 2
mng. 9.7 - 15,7
Average lossi-
blank

Heat flux:-

heated 16.3mg

pH:- initial 5.2

final 6.8

5 4. 5 6 7 g*
1'702 1605 15.8 1700 1504 9.8
200 mdd

9.75mg 120 mdd

2.75 BIU/hr/ft°

Potentials~ Temperature: -
time  Pot time Pot time Pob. time temp. time  temp
mins mV minsg mV hrs mv ming mV mins mV
0 350 B35 635 $ 720 8  1.698 48 4,362
1 450 40 8625 gm 745 13 1.983 @ 53  4.362
3] 495 4.5 640 o% 765 18: 2.541 58 4,366
10 500 60 660 6 775 . 23 2.814 120 4,364
15 560 120 690 % 780 28 3.337 150 4.370
20 595 180 700 7 780 38 34744 240 4,374
295 630 240 705 8 780 38 347582
30 650 300 . 710 24 780 43 4,554 24hrs 4,375
Run 6
Heater:=- +wvoltage 150v pH:~ _ initial 5,3
current:.5.5A " final 7.1
Weight loss:i=- T 2 3 4 5 ? 6 7 g™
ng 102 17.0 1747 17,3 l?.d 17.7 16.9 9.8
Average loss:i- heated 17.3 mg 212 mdd
blank 10.0 mg 123 mdd

Heat flux:-

2.2 BTU/’hr/ft2




GO

Potentiali~ - | Temperature ;-

Time Pot  time -Pot +time Pot time temp time temp
mins mV mins nv hrs mV mins mV mins mV J
0 350 55 640 7k 695 8 1.508 68 4.333
1 420 60 625 7§ 700 13 1.876 90 4,542
5] 470 75 635 7% 720 23 2.042 120 4 4 354
15 540 90 650 8 - 840 - 33 2.751 240 - 4,36Q -
25 580 2 660 8% 860 4% 3,004 360 4.3653
40 635 4 685 5 865 b3 Se'742
45 645 5} 890 9 870 o8 4,002
50 645 7 695 &4 870" 03 4,328 24hrs 4.364
Run-?
Heater:- voltage 120v pH:-= initial 5.3
current 454 final 6.9

Weight loss:- ¥ 2 3 4 5 6 7 g*

mg © 11.4 23.0 34.1 22.6 22,8 23.0 281.1 11.6
Average loss:- heated 22.8 mg 280 mdd
blank 11.5 mg 142 mdd
Heat flux:- 1.4 x 100 BIU/hr/ft°
Potential:- ‘ Temperature: -
Timé Pot time Pot time Potb Time Temp time Temp
mins mV mins mV  hrs  wmV mins mV hrs - mV
0 350 55 635 5 875 8 1.547 2 4.324
L 400 60 640 6 680 28 2.261 4 4,331
5 450 65 . 63D 8 685 48 BedLY7 6 4,338
10 480 70 630 ' 68 3+839
15 520 75 625 73 44,191
- 30 580 90 63H 78 4,280
45 680 120 650 : 83 4,302

50 625 180 665 24 750 90 4.3228 B84 4,337
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Run 8
Heater:~ voltage 100v pH:= initial 5.2
current 4,04 final 7.1
Weight lossi- TF 2 5 4 5 & 7 g%
mg 12.3 26.7 287.2 26.5 26.9 27.1 26.9 12.3
Average lossi- heated 26.9 mg 52§ mdd
blank 12.3 mg 152 mdd

Heat flux:- 1,02 x 10% BTU/hr/ftz
Potential: -~ | Temperature:-
Time Pot uime PObv bime Pob Time  temp time temp
mins wmV__mins mV _ hrs mV mins mV mins mV
.0 350 70 630 8 1l.411 98 4.281
1 390 75 635 28 2.014 120 4.299
5 44.0 80 63D , _ 48 2.907 240 4,314
10 470 90 630 68 3.410 360 4.315
15 500 120 640 q 78 4.101
30 560 180 650 83 4,165
60 620 300 660 . 88 4,143
65 625 480 665 24 735 903 4.264 24hr 4,318

Run 9 |
This run was below the boiling range.
Heater:~ voltage 80v | pH:= dinitial 5.2
current 3.0A final 6.9
Weight loss:- 1¥ 2 3 4 5 - 6 p  g¥
mg  18.5 29.4 1.5 30.4 3046 3l.1 50.5 12.4




Average loss:~

Heat flux:-

80

Potential:-
time Pot time Pot
ming mV mins mV
0 350 85  6KD5
1 380 90 630
5 420 95 685
15 450 100 685
30 550 120 640
80 600. 2840 650
75 615 480 655
620 &24hr V&5
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heated 30.5 mg
blank 12.3 mg

374 mdd

152 mdd

0.80. x 10%* BrU/nr/rt?

Temperature:=-

, btime “Temp time Temp

mins mV ming mV
8 1.420 108 4,174
28 R+00L 123 4.277
48 2.632 120 4.279
68 34187 240 4.280
88 3.624 360 4.281
93 5.816
08 3.901

103 4.060 24hr 4.281
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Appendix 3

The design of the packed column
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Design of the packed column

Since both the collecting vessel from the column and the
column itself had to be above the corrosion vessel, height
was limited. The maximum height of the column was 2.5ft.
Raschig rings were to be used, and 3" rings were available
and therefore used.

Assume the water to be saturated with oxygen at commence-
meny
.. At entering oxygen concentration at 2500 = 1l.63 X 10_5mol%

The maximum oxygen concentration obtainable by scrubbing N
with white spot nitrogen is defined by the oxygen concentratioh
in the nitrogen which is, meximum 20 p.b.m. - 8 X 10~
Henry's constent for oxygen at 25°C = 4.0l x 1074

s Oxygen concentration could be reduced to

4 5) 9

x 2.0 x 10~ = 8,02 x 10~
-

4.01L x 10
ILet us assume a reasonable figure, 1L x 10

Consider two liguid passes per hour = 24 galls /hr

= 4,9001lb/hr/sq.f%.
: 4.7 .
Due to Chilton
e l""n 005
K = DL P
L

a Vs pI)
o -4 2
D = diffusivity = 4.64 x 10 £t /hr
a = specific area = 115 for packing

B
]

flow rate = 4,9001b /br/£%°
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viscosity = 2.42 ft.1lb/hr

A= . 5
‘ p = density = 0,0892 1b/f%
K = mass transfer coefflcient
L
' : 47
For the packing used, due to Norman
A = 280
n -~ 0035
| 0.65 0.5
‘ -4 ‘ : \ '
o Ka = 2,64 x10 . 2801|4,900 .42
L
43 0.0892

433

H §

48
Now due to Norman

_ f’MKﬁaZXXIE‘

The change in. oxygen concentration from, 1-2 is negligible

therefore the equation reduces %o

Z = Im
f>mKLa in Eﬁ
X




~105-

J. substituting and rearranging

1n X
1 = 1347

%o

From this it can be seen that the concentration required could
. be obtained from one pass, bhut to ensure the concentration

the apparatus was run for six hours, or twelve passes.
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Appendix 4

Calibration of the Oxymeter
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Co The meter seale unlts wore awbivery, bub the readings
obtained. for any perticuler setting of the tadjust?! conbrol
were propovrtlonal to the pardial pressure of oxygen in vhe
fludid. The portial prossure, 10 turn, 1s rolated %o Hho-
oxysen Gongenbiabaaﬂ and the relationship is Mlzed Lo a
pmrticulaf solution at a gilven Lemporature and Prossurc. An
obvious nethod of 0613UF1blug the meter wes to insert tho
senooy in a fluid ol known concentratlon of bxygaﬁ aad Ho
adjust the meter %0 a coavonient muliiple or Praction of that

value. One readily availeblo ©luid of relatively constant

st"l

ond lnown oxygon concentvation is aiwv. The paprtlal pressure

of aly iz neavly alvavesapp roximotely 28049% of the btobvel

awmospheric presaures The partial pressuro of: oxygen in alxp

o

18 also egual to'th@ partial pressuve of oﬁygeu in a liguid

Y ¥ £

savurated with alr. Thus it wes h@umtb 4o be a convenient

'
-

Rayds]

f‘j

ea; ting flulde  The saburation cmncenyyavlcn of' solutions

¥

vordies with ¢ mﬂ raturey A8 shoun in Rigsﬁiﬁti,-ﬁhefefare
the tewmperature of the alr had to e known when ealibration
was mades |
A an exemple the ailr saturated oxygen concontration in

fresh watey av &QQG 1 747 pepaite a8 Lndicated by Filgeladels
I¥ the iastrument 1s calibraved to 77 on the 1L0-L00 ggole
when th@4sen$or aasgmhlﬁ ia exposed to alp alb 3600, any

ubieuuonb doteyrmigation ﬁn Pregh water would indlcate o

ooncen%ratiaﬂ of onestonth of ﬁhe reading on the metor.
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If the fluid to be measured for oxygen was at a different
temperature than the air used for calibration a correction
-was'neéessary and was obtained]ﬂromﬁig.A.4.2. For example
to correct a reading of 5.0 obtained at 5000,'to a calibfation
femperature of 5000, the intersection of the reading line and
measuring temperature line. (1) was found and moved parallel
to the diagonal curve, toward the calibrétion temperature,
the intersection (2) &ave the corrected reading, (1.0).

This was then used in the calculation.

The general equation for the calculation was

Cz= Rc + 8
M
where C = oxygen concentration (p.p.m.)
Re= corrected meter reading

M = meter reading at calibration

S = oxygen concentration in calibrating gluid (pe.p.m.)

Thus if the meter was calibrated to 100 at 30°C and a reading
of 5.6 was oﬁtgined at 50°¢ in-the solution to_be measured,
the concentration would be

Re = 1.0 (Fig.A.4.2)

S = 7.7 (Fig.h.4.1)

=
n

100

..O_ G - l.O X ‘70'7 00'7'7 p-p.m.

100
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Appendix b

Results of experiments with Deoxygenated Solutions
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1. General

Five specimens were used in each run. Four under
conditions of heat transfer, and one blank specimen., The
corrosive solution was deoxygenated aistilled water. The
temperature readings were the seme as the corresponding run

in aerated solutions, therefore only the final temperature is

recorded.

2. Particular Results

Run 10
Heater:;- voltage 200v pH:~ initial 6.9
current 7.2A final 7.0
Weight lossi-~ T 2 3 4 5
ng 1.7 2.7 2.9 2.8 2.8
Average loss:~ heated 2.8 mg 34.4 mdd
blank 1.7 mg 21.0 mdd
Heat flux:= 5.6 x 10° BIU/hr/t?

Oxygen concentration:- initial 0.03 p.pem,

final not measurable
Potentiali~ Temperature
Time TPot time Pot final 4,390 mV
mins mnV mins mV o
' 225.4°F

0 B350 @8 750
15 490 4 775
30 555 6 785
45 580 8 790
60 620
90 695 24 800

]
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Run 11
Heater:~ voltage 100v pH3~ initial 7.0
current 4.0A final 7.1
Weight loss:= I™ 2 3 4 5
ng 1.6 344 3.0 2.9 3.4
Average lossi=- heated 3.2 mg 59.3 mdd
blank 1.6 mg 19.8 mdd
Heat £luxi- 1.08 BTU/hr/ft°

Oxygen concentration:- initial 0.03 Depem,

final not measureable
Potential:=- Temperature =
Time Pot time POGL . final  4.318 mV
mins mV hr mV o
2R0.0°F
0 350 2 64.0 ‘
15 44.0 4 720
30 500 6 745
45 525 8 750
60 540
90 B85 24 765
Run 12
Heaters~- voltage 120v pH:= initial 7.0
current 4.5A final 7.0

Weight loss:- ¥ 2 3 4 B

ne 1.9 4.9 4.9 4.5 4.8

Average loss:i- heated 4.8 mg 59.0 mad
blank 1.9 mg 23,2 mdd




final 0.02 final:~ 222.8°F
Run 13
Heater:- voltage 170v pH:~ initial 6.9
current 6.1A final 7.0
Weight loss:- 1~ 2 3 4 5
- ng 1.7 8.9 3.0 2.8 2.9
Average lossi~ heated 2.9 mg 35.7 mdd
blank 1.7 mg 21,0 mdd
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Heat flux:-

Heat flux:-

Oxygen concentration:-

final not measurable
Potential:~- Temperature: -
tTime Pot time Pobv final 4,374 mV
mins mV  hr mV o
2R4.67F
0 350 2 735
15 495 4 770
30 555 6 7795
45 590 8 770
60 635 .
90 685 24 790
Run 14
Heater:- voltage 150V pH:~ initial 6.9
current H.5A final 7.0

1.4 x 10% BIU/hr/et°

Oxygen concentration:-

2.75 BIU/hr/Tt°

initial 0.04 Temperature:= 4.338mV

initial 0.03

]
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Weight lossi- I 2 % 4 5

ng 1.6 3.2 2.8 2.9 3.1

Average loés:~ heated 3.0 mg 37.0 mdd
blank 1.6 mg 19.8 mdd

4

. Heat fluxi- 2.2 x 10° BIU/nr/ft°

Oxygen concentration:- initiel 0.03

- 0.01
Potential:~ ‘ Temperature: -
tTime Pot time Pob : . final  4.363 mV
mins mV hr mV o
-824.L°F
0 350 2 . 675
15 470 4 745
30 5056 6 760
45 540 8 770
60 575 :
90 630 24 785
Run 15 y _
Heater:i~ voltage 150v pH:- initial 7.0 |
| burrent;S.ﬁA Afinal 7.0

Weight loss:- * 2 3 4 5

mg 1.7 2.9 2.8 2.8 2.8

Average loss:i~ heated 2.8 ng 34 .4 mdd
blank 1.7 mg 21.0 mdd -

Heat flux:- 2.2 x 10* BIU/nr/ev°

Oxysen concentration:= initial  0.03

final not measurable
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Run 16
Heater:~- voltage 220v
current 7.8A

Weight loss:=- l* 2

mg 1.6 .2,8
Average loss:~ heated

blank
Heat~fiux:~ 4.7 x

Oxygen concentration:—

Potential:=-
time Pot ‘time Potb
mins mV hr:: mV

0 350 2 765
15 510 4 785
30 580 6 790
45 605 8 790
60 650 N
20 720 24 805
Run 17

Heater:~ voltage 1lz20v

current 4,.5A
Weight losst=- T* 2
mg 106 209

Average lossi-

blank 1.6 mg

heated 3.0 mg

pH:- initial
final
3 . 4 5.
2.4 2.7 2.9
2.7 mg 33.2 mdd
1.6 mg 19.8 madad
10* BTU/hr/ft2

initial ©0.02.
final

Temperature -

not measurable

final 4,400 mV
225,9°F
pH:~ initisl
final
] 4 5)
3.0 3.1 2.9
36,9 mdd
19.8 mdd

8.9
7.0
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Heat flux:i~ 1.4 x 10% Bru/nr/rt®
Oxygen concentration:- initial 0.04
final 0.01

Potential:- o Temperature ;-

timé Trot time Pot- : - final ‘44336 mV
mins mV hr mvV o
‘ ‘RBR.7 R

0 350 2 655
15 455 4 735
50 500 6 750
45 530 8 755
60 560
90 605 24 765

Run 18:

Heater:- voltage 220v pH:; initial 7.0

current 7.8A »final 740
Welght loss:- 1* 2 3 4 5
mg 1.7 2.8 2.6 2.6 2.7
Average loss:- heated 2.7 mg 33.2 mdd

- blank ’1.7 mg 21.0 mdd
Heat fluxi- 4,75 x 10% BIU/hr/ft°
Oxygen concentration:- initial 0;05-
final not measurable

Temperaturet- 4.402 mV  2235.9°F

Run 19
‘Heater: wvoltage 200v pH:~ initial 6.9
current 7.34 final 7.0

o | |
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Weight loss:i= 1° 2 3 4 5

ng 1.7 2.9 2.7 2.7 2.8

Average loss:- heated 2.8 mg 34.5 mdd
| blank 1.7 mg 21.0 mdad

Heat flux:- 5.6 x 10° BIU/hr/ft”

Oxygen concentration:- initial 0.03

final 0.01
Temperature:- 4.392 mV

final 225,4°F
Run 20
Heater:- voltage 100v pH:- initial 6.9
current 4.0A final 7.0

Weight loss:i- 1 2 3 4 5
mg 1.7 3.3 3.0 5.1 Sel
Average loss:- heated 3.1 mg 38.2 mdd
blank 1.7 mg 21.0 mdd
Heat flux:- 1.02 x 10% BIU/be/et°
Oxygen concentration:- i1nitial 0.04
final not measurable

Temperature:~ 4.320 mV
final 220.0°F
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Run 21
Heater: voltage 170v pH:= initial 7.0
current 6.14 | final 7.0
Weight loss:= 1% 2 3 4 B
me 1.6 3.0 2.8 2.9 8.0
Average loss:- heated 2.9 ng 36.7 mdd
blank 1.6 mg 19.8 mdd
Heat flux:- 5.75 x 10% BTU/nr/ct°
Oxygen concentration:~ 1initial 0.03
final not measurable
Temperature:- 4.374 mV
| 224.6°F
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Appendix 6

Results of runs with time as a parameter




~119=-

1. Runs with various forms of heating

i1. Alternating current - 24 hrs duration

Potential readings made with condenser across inpub.

Run 22

Heater:- voltage 100v, current 3.4A, Heat flux 0.9 x,loé

BTU/br /£45 .
Average weight loss:~ 287.6 mg; 350 mdd
Finai potential 735 mV  non bolling
Run 83
Heater:voltage 1230v, current 4.04, Heat flux 1.285 x 104
BTU /hr /£4% .
Average weight loss:~ 22.6 mg; 287 mdd
Final potential 745 mV
Run 24
Heater: voltage 150v, current 5.0A, Heat flux 1.89 x 104
BTU/hr/T4° .
Average weight loss:i- 18.9 mg; 240 mdd
Final potential 760 mV
Run 25
Heater: voltage 170v, current 5.6A, Heat flux 2.48 x 104
BIU /nr/£5° .,
Average weight loss:- 16.9 mg; 814 mdd
Final potential 775 mV
Run 26

' 4
Heater: voltage 200v, current 6.74, Heat flux 3.36 = 10

BIU /hr /165
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Average weight loss:~ 14.3 mg; 183 mdd
 Final potential 790 mV
Run 87 '
Heater: voltage 220v, current 7.4A, Heat flux 4.1l3 x 104
BTU /hr /£5° . "
Average weight loss:~ 12.1 mg; 153 mdd
Final potential 795 mV

ii. Direct current - 24 hrs duration

Run 28
Heater: voltage 100, current 2.4A, Heat flux 0.70 x 104
_ BTU/hr/ftz.
Average weight loss:«~ 30.7 mg; 387 mdd
Final potential 720 mV  non boiling
Run 29
Heater:voltage 150v, current 3.6A, Heat flux 1l.38 X 104
BTU/hr /6" . | |
Average weight loss:- 22.5 mg; 286 mdd
Final potential 745 mV

Run 30

4

Heater: voltage 200v, current 1l4.5A, Heat flux 2.39 x 10
BTU/hr /E5°
Average weight lossi=- 17.1 mg; 217 mdd
Final potential 770 mV

Run 31
Hester: voltage 220v, current 4.8A, Heat flux 2.80 m 10%
BTU/hr /Tt .




Runs with time as a parameter

1* Aerated

Weight loss
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solutions

Weight loss (mg/dmz) for a time of exposure (hrs) at a

given heat flux (BTU/hr/ft2).

b.

Time
hrs

—
SooJO NP~ WN—

12
13
18
20
24

Oxygen concentration. Concentrations

Time
hrs

1
2
4
8
10
18
24

0.90

27
104

219
258
283
309
343
342
350

0.90

7.3

T
A
4
.0

%o»—a»—ao

3

Heat flux BTU/hr/ft2 x 104

(@] (2]
=. (=)

1.25

54
109
156
208
244
263
277
287

Heat flux BTU/hr/ft2 x 104

1.25

Nl o
o uo A

£2:

1.89

77
132
176
195
214
225
240

1.89

0.4

0.01

52
99
153
186
202
214

2.48

—
o0 W

co
o
oo

M

3.36 4.13
25 K
: 53
80 :
- 103
124 :
141 127
157 140
167 151
183 153
(p.p.m.)
3.36  4.13
5.0
: 1.2
0.5
1.2 M
M 0.01
M M

N.M. = not
measurable
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2. Deoxygenated solutions

Weight loss

Weight loss (mg/dma) for a time of exposure (hr) at a
given heat flux (BTU/hr/ft°)

Time Heat flux BTU/hr/ft° x 10%

hrs  0.00 LT85  1.80  5.46 B.56 .13
8 15 - 14 - 12 - -
12 - 20 - - 25 20
18 33 - 30 - 29 -
20 - 37 - 36 - 34
24 40 20 39 37 36 37

Oxygen concenbration

As for previous runs, in deoxygenated solution, readings

were extremely low and are not recorded.
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Appendix 7

Results of runs using copper specimens




Rkesults of runs using copper speoimens

I Aeratedvsolutions

i. Weight lossg _mg/dmz
time _ Heat flux x 10°. BIU/hr/ft?
hr 0.9 1.25 1.89 2448 34 36

l - - - 10 -

4 - - 19 - 13

5 7 32 - 10 -

8 63 49 31 25 19
18 83 68 45 39 53
R4 94 75 52 46 356
ii. Oxygen concentratioh DePellle

' 4 ; 2
time Heat flux x 10 . BTU/br/ft
hr 0.90 LedD 1.89 2 +48 630

J. ad aad - 4:.1 -

4 - hd . 201 - 102

5‘ 005 104: - 009 b

8 1.8 0.9 1.3 1.1l 1.6
18 0e5 A MM N A
24 NM NM NM N M

M - not measurable
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IT 1 grm/ltr Sodium Chloride solutions

Weight loss

mg/amg

Heat flux x 104. BTU/hr/ftg

time

hr 0e9 l.25 1.89 2e4B - 5,40
4 75 55 38 44 148
8 123 89 68 78 269

18 184 134 117 146 491

24 203 160 136 180 590

IIT 10 grm/1tr Sodium Chloride solutions

: 4 ‘
Heat flux x 10 . BTU/hr/ftz

time

hr . 0.90 1.25 1.89 248 Be BB
4 96 57 ol 78 167
8 158 78 77 1235 296
18 - 100 10¢ 214 -
20 231 - - - 597

24 248 108 120 271 679
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10.
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