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SUMMARY

1. Introduction

Fossil fuels are a determining part of any economy, with influences that affect practically
all fields of activity. Not a single forecast manages to convince that this tendency to continue to
use mostly these fuels would vary in intensity, although climate change is not only knocking at
the door, but has already crossed the threshold. Large global economies (emerging or developed)
put self-interest before global human interest, and the consumption of fossil fuels is huge, which
requires huge productions, and this whole roller coaster does not seem to find a brake. If in the
field of energy alternative fuels are making up for the gap [1], the same is not happening in the
case of petroleum fuels. And this oil/politics/economy/national interest complex is hard to
navigate, no matter which side you try. However, an even wider awareness of the consequences
of non-adherence to green chemistry can be tried and a more efficient resource management can
be tried, both in parallel with the migration to green solutions in addition, for years put,
scientifically, on the table by researchers from the field..

We wanted to enter this field of fuel management with this work, namely in the field of
safety and security in the oil terminal industry, where studies of some phenomena with direct
consequences on the infrastructure of the terminals, would lead to strategies on the prevention
side. Corrosion or erosion [2] can still be studied, and the studies in turn can provide applicable
solutions.

The effects of corrosion over time can have consequences characterized by a low degree
of hazard or, on the contrary, can be associated with the occurrence of leaks, contamination, both
of the products and of the environment, or reactions with the materials stored in these tanks and
reservoirs.

In this context, we present in this work an extensive investigation, on a laboratory scale,
of corrosion in atmospheric conditions, through a study of mass transfer in film corrosion and
also of mass transfer in droplet corrosion, followed by the construction of some mathematical
models, which properly describe the phenomena, so that these models are used to predict the
behavior of structures of the mentioned type, over long periods of time.

Familiarization with the multiple processes and phenomena characteristic of the field of
corrosion, through an intensive study of the specific literature, was a first objective of the thesis.

Through our own experimental research, we proposed a second objective of the thesis,
namely the construction of two laboratory installations, simultaneously with the elaboration of
the work methodology, so that the dynamics of surface corrosion of steel can be characterized
when a corrosive environment is in flow film, respectively remains on the surface.

A third objective of the thesis was the development of two mathematical models,
respectively their numerical conversion, in order to identify the process parameters, namely: the
apparent constant of the surface corrosion rate, the surface oxidation yield of Fe™ to Fe**, of the
oxygen diffusion coefficient through the superficial layer of rust, as functions dependent on the
factors influencing the process.

The last proposed objective was to approach corrosion by evaporation - droplets with
NaCl content, where the involvement of CI ions in the anodic corrosion process is known,
respectively to verify that we can use the evaporation-corrosion model with the interphase
transfer surface variable in time and with transfer and surface chemical reaction, where CI
strongly increases the surface reaction rate constant and the oxygen diffusion coefficient, through
the rust layer.

The present summary provides a brief presentation of the thesis chapters, detailing
sufficiently aspects of chapters 4, 5 and 6, which contain their own elements brought to the
problem of mass transfer with chemical reaction on the surface of the solid.
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3. Structure of doctorat thesis

For this paper, it was decided that the structure of the chapters should be similar to that of
the scientific journals in which the results of the experimental research were disseminated, for
two reasons: i) because this approach allows easy tracking of the achievement of the proposed
objectives, the experimental technique used, the hypotheses the models and subsequently their
course, the description of the results obtained and the associated discussions; ii) because we show
that the experimental research, or rather the research results were presented exactly on the model
of their publication after acceptance in the specialized journals.

It would be expected that the volume of data existing in the corrosion literature would
allow one to state that everything is in place and that everything is under control. However, the
field of corrosion is characterized by great complexity and current situations that demonstrate,
regularly, that the presence expressed through corrosion control cannot still be stuck in the area
where an incident (not to say disaster) just happened, precisely because of this. The multiple
types of corrosion, the factors and parameters that must be taken into account when these
corrosion phenomena occur, the type of (property) transfer, the mechanisms through which they
occur, the possible combination of two phenomena in the same process, all these are, in addition
to challenges, and the space where not being totally under control, we can approach corrosion
with solutions associated with mathematical models.



The doctoral thesis begins with the presentation in Ch. 1, in short, of the motivational
context and the objectives proposed for the doctoral research, respectively with the summary of
the thesis by chapters.

In Ch. 2 we begin the oil terminal study, with generalities in the first part and with a
presentation in subchapter 2.2 of the petroleum product terminals owned by companies in
Romania, as well as with the description of specific equipment for carrying out activities in these
petroleum product terminals. Subchapter 2.3 introduces us to the field of corrosion and, in
particular, of internal and external corrosion, specific to petroleum product terminals, also with
generalities, briefly.

With Ch. 3 we enter the area of atmospheric corrosion literature study, with an
Introduction and some definitions, after which we present in subchapter 3.2 Mathematical models
for atmospheric corrosion. Being an extremely complex field, we managed to find literature data
that in turn helped us to show in an orderly, somewhat chronological way, how the atmospheric
corrosion of metal surfaces should be approached, the risk factors, some variables that we had not
taken into account calculation and, obviously, some solutions, not necessarily for prevention, but
especially for future approaches in experimental research. However, both subchapter 3.2.1 and
subchapter 3.2.2 lead the study to a conclusion regarding the main requirement, that of benefiting
from a corrosion map, i.e. either having it or building it and without that you cannot address a
minimum number of steps in corrosion investigation.

In Ch. 4 corrosion, pickling etching were addressed, as phenomena of transport and
chemical reaction on a metal surface, with a parallel between them and some of the
characteristics of these processes, in terms of causes and stages. In subsection 4.2 models have
been described that characterize the vast majority of corrosion processes that take place on the
metal surface (of equipment in the oil industry in our case), so we were able to state that, in these
cases, corrosion is a surface chemical process..

With subchapter 4.3 we start the experimental part of this work, where the experimental
study on the pickling process of metallic surfaces, with the Kkinetics of the process and with the
development of a mathematical model, was presented.

Ch. 5 presents the study of film corrosion, extremely present in the case of oil product
terminals and tank farms, but not only. Theoretical notions about film corrosion can be found in
subchapter 5.1, and subchapter 5.2 presented the experimental investigation and insisted on the
presentation of the experimental procedure (subsequently addressed in subchapter 5.3), with a
detailed description of the construction of the experimental facility, with the proposed strategy for
data collection (what type of data, the method of obtaining, the method of processing), as well as
with the presentation of the progress characteristic of the stages of experimental research. Being a
relatively large volume of data and information, it was preferred to present them in this
subchapter, so that it could be possible for subchapter 5.3 to present the results and discussions of
the investigation on the model of disseminating them in the specialized journal in which it was
published.

Ch. 6 is almost identical in structure to Ch. 5, but here droplet corrosion was investigated.
A study of vapor condensation and droplet formation was introduced in subchapter 6.1, to
facilitate the experimental investigation presented later. In subchapter 6.2, the procedure was
similar to that in subchapter 5.2, namely with the highlighting of the experimental procedure, the
proposed strategies and the progress during the research, so that in subchapter 6.3 the results and
discussions of the investigation are presented in the same way, on the model of disseminating
them in the scientific journal in which it was published.

Ch. 7 was dedicated to the general conclusions, resumed as a recapitulation of the partial
ones, because each chapter had its own bibliography and its own conclusions.

Selective references:
1.  https://economedia.ro/productia-europei-de-energie-electrica-din-eoliene-si-solar-a-depasit-o-pentru-prima-
data-pe-cea-din-gaz.html
2. Frayne, C. Environmental Modification for Cooling, Heating and Potable Water Systems. Shreir s Corrosion,
2010, 2930-2970, doi:10.1016/b978-044452787-5.00161-x
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4. Summary of doctoral thesis
CHAPTER 1

Chapter 1 includes a brief presentation of the motivational context, where it is emphasized
that the effects of corrosion over time, which can have consequences characterized by an
important degree of hazard or the occurrence of leaks, contamination, both of the products and of
the environment, can constitute a motivating impulse for the experimental study of this complex
process, which would lead to the development of prevention, safety and security strategies in the
oil terminal industry. It then continues with the objectives proposed in this experimental doctoral
research, so that at the end of the chapter we find the summary of the thesis (structure by
chapters).

Selective references:
3. https://economedia.ro/productia-europei-de-energie-electrica-din-eoliene-si-solar-a-depasit-o-pentru-prima-
data-pe-cea-din-gaz.html
4. Frayne, C. Environmental Modification for Cooling, Heating and Potable Water Systems. Shreir s Corrosion,
2010, 2930-2970, doi:10.1016/b978-044452787-5.00161-x

CHAPTER 2

In Chapter 2, we entered the oil terminstudy field, with generalities and the presentation
of oil terminals in Romania and an introduction to the field of corrosion. We thus see, at the level
of 2023, a distribution, among four companies, of the terminal/pre-treatment and storage
infrastructure for petroleum products, regardless of whether they have access by sea or only by
road/railway. Infrastructure sectors with associated equipment, with potential exposure to the
phenomenon of erosion-corrosion, were also listed in order to understand the size of the field in
which the study can be entered. Although corrosion is relatively difficult to classify in a
successful simplification, it was presented at the end of the chapter to group it into internal
corrosion (Table 2.2. in the thesis), external corrosion (with a general definition presented),
respectively galvanic corrosion, which is a combination of the first two.

Table 2. 1 Types of corrosion to which the equipment of a petroleum products terminal can be exposed [11]
Nr.crt. | Denumire

Causative factors Characteristics

Fluid velocity, turbulent flow,

1 Corrosion-erosion
sudden pressure drop

Combination of the two phenomena

Frequent  application  of | It can be of: initiation, propagation and

2 Corrosion fatigue - .
pressure or mechanical forces | final

Metal-on-metal Prevention may include the use of hard

3 Fretting Corrosion

friction/sliding

materials, or lubrication

4 Microbial corrosion

Microorganisms,
agents

biological

It occurs through the biological
formation of hydrogen sulfide

5 CO, Corrosion

CO,, secondary product from
crude oil and gas

Acidic properties on contact with
water

6 H,S Corrosion

H,S secondary product from
crude oil and gas

Acidic properties on contact with
water. Generators of 4 other distinct
types of corrosion: 1. Corrosion by
stress cracking; 2. Hydrogen-induced
cracking; 3. Corrosion by stress
cracking with sulphides; 4. Step
cracking
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Metal/metal contact, sealing

7 Crevice Corrosion o .
areas with imperfections

It takes place in the area of cracks

8 Cavity corrosion Sea water, ClI Hard to predict

Combination of stress and

9 Stress corrosion cracking -
corrosive compounds

Creation and expansion of cracks

Intergranular Stress Carbide migration and | Prevention: use of austenitic stainless

10 Corrosion Cracking chromium carbide formation steels

Fluid access between

11 Corrosion under insulation | . .
insulation and metal

Care in making the insulation

Selective references:
1.  https://energyindustryreview.com/oil-gas/omv-petrom-completed-the-modernization-of-the-fuels-terminal-in-
arad/|
https://www.oiltanking.com/en/news-info/glossary/tank-storage-tank-terminals.html
Al-Moubaraki, A.H.; Obot, I.B. Corrosion challenges in petroleum refinery operations: Sources, mechanisms,
mitigation, and outlook, Journal of Saudi Chemical Society, 2021, 25, 101370.
Speight, J.G. High acid crudes. Gulf Professional Publishing, 2014, https://doi.org/10.1016/C2013-0 18868-X
https://www.rompetrol.com/ro/proiecte-si-investitii-majore/midia-marine-terminal
https://lukoil.ro/ro/ForBusiness/SalesofPetroleumProducts
Sotoodeh, K. Subsea Valves and Actuators for the Oil and Gas Industry. Gulf Professional Publishing, 2021
https://doi.org/10.1016/B978-0-323-90605-0.00006-2, ISBN: 978-0-323-90605-0
8. Roberge P.R. Handbook of Corrosion Engineering, Th. Edition, McGraw-Hill, 2019, ISBN: 978-1-26-011696-0
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CHAPTER 3

Chapter 3 presents the theoretical study of some aspects of atmospheric corrosion, which,
in addition to the laboratory experimental set up (objective 2), introduces the third objective of
the research, namely the development of a new type of mathematical models associated with
corrosion. The theoretical study showed the need to identify the elementary factors and processes
that determine atmospheric corrosion, including the mathematical models developed for this
category of corrosion. It should be noted that, concretely, atmospheric corrosion refers
specifically to the situation of exposure of a surface (metallic in our case) to environmental
conditions with water and oxygen as the limiting reactant, without an express reference to a
particular form or type of corrosion.

We thus note that the factors with the greatest influence in atmospheric corrosion are, by
far, humidity, in all its forms (rain, dew, condensation) [1] together with oxygen. In the absence
of moisture, most contaminants would have little or no corrosive effect. A fundamental condition
for atmospheric corrosion processes is the presence of a thin-film electrolytic film that can form
on the metal surface when these surfaces are exposed to a critical level of humidity. Even if this
film is almost invisible, the corrosive contaminants inside this film can reach relatively high
concentrations, under alternating wetting and drying conditions. Atmospheric corrosion is thus
initiated, in the presence of this film, through an anodic and cathodic reaction (Equations 1 and 2)
[1].

2Fe — 2Fe?t + 4e~ (1)
0, + 2H,0 + 4e~ — 40H~ (2)

A large number of factors influence the rate of corrosion, most importantly the frequency
and intensity of rainfall and the condensation and evaporation of water on the corrosion surface.
A number of ten mathematical models were presented in this chapter and aspects regarding the
characteristic phenomenological methods were detailed, highlighting the role of the factors on the
transport and transfer to the corrosion surface, of the active (O,) and activating (CI", SO47 etc.)
in the process.
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CHAPTER 4

In chapter 4, corrosion, pickling and etching were addressed, as phenomena of transport
and chemical reaction on a metal surface, initially introductory, in subchapters 4.1 - 4.3.
Regarding the similarity and differentiation between corrosion, pickling and etching, we find that
the first common characteristic of the three phenomena is that they occur through the action
applied to the surface of the materials (in our case metallic), more precisely as a result of a
surface reaction. Corrosion (internal and external) was explained in chapter 2 and we note that it
is an undesirable phenomenon (but which occurs anyway, when the conditions are met) in a
specific environment (atmospheric or marine). On the other hand, however, the other two
processes are voluntary, which come to repair or prevent (in most cases) the consequences of
corrosion. And in this chapter, four mathematical models associated with the described processes
were presented, the first three being from the literature, and the fourth being developed and
supported by our experimental study, presented in subchapter 4.4. Here, on the model of
scientific journals, the experimental results (published in the Bulletin of Romanian Chemical
Engineering Society, 2020) were presented in cases of metal pickling and, in particular, copper
pickling by immersion in ammonium persulfate/sulfuric acid solutions, used to customize the
kinetics of this process, by simultaneously solving the species flow and diffusion equations. It
was thus stated that for immersion pickling, the basic phenomena take place inside the boundary
layer of natural convection, formed on the surface of the metal part. In this situation, a
mathematical model can be developed by simultaneously solving the flow and species diffusion
equations [23]. At the surface of the pickling material, the chemical reaction that characterizes the
process generates species A, which becomes responsible for the kinetic evolution of the pickling.
Figure 4.1 shows the development of the boundary layer at the pickling surface and that the
transfer flux of species A evolves here. If a quasi-stationary evolution of pickling is considered,
then the mathematical model of the process is given by the system of Equations (1), which
contains the flow equation imposed by the concentration gradient (c-c.,) and the species diffusion
equation, which has the concentration ¢, to the pickling surface. To be active, the mathematical
model requires the conditions of univocity. At given y, these conditions are expressed by
Equation (2) and Equation (3).
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A simplified method can be used to solve the model analytically. In this sense, it is
considered that the dimensionless concentration profile of the diffusible species, inside the
boundary layer at the pickling surface, depends only on x and follows Equation (4). The
conditions for ¢ in Equation (2) and (3) particularize the dimensionless concentration of the
diffusive species in Equation (5). From the expression of the definition of the mass transfer
coefficient of the species (6) it is observed that the solution of the flow equation must produce a
relation for the thickness of the boundary layer, 6.

c—c¢C

Iy= ®_ = a+bx+cx? (4)
c, —C,
X 2
dc
M x=0 &
k:d—X:_DO’) A X:OZZ_D (6)
Cp—Cy X o

After solving the flow equation for the pickling model, the expression of the mean flow
rate was obtained, given by Equation (13).

AS?  gB.S°
40  40v

The balance of species A, relative to the control volume in Figure 1, which have unit
height and width dy, goes to Equation (14). Considering the mass flow per unit width of the
wetted surface (Equation 15), Equation (14) becomes Equation (16) (in the thesis). With 6 = 0 at
y = 0 from (16), the local values of the mass transfer coefficient and its mean value are
successively obtained (Equation (17) and Equation (18) respectively).

1
W, :gj.wydx: (cp—Cy) (13)
0
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To validate the presented model, the experimental investigation of copper pickling using
acidic solutions of ammonium persulfate was developed. An experimental design 23, where the
process factors are temperature, ammonium persulfate concentration and sulfuric acid
concentration in the pickling solution, respectively, was selected for data collection. The copper
samples with 10 cm length (H = 0.1 m) and 2 cm width, were immersed, with a vertical position
for a determined time, in 1.5 L of pickling solution. The pickling flux was calculated, from
experimental data, with Equation (20), where m, - m,, represents the mass of dissolved
(pickled) copper in the time period Az between two successive measurements

m —-m_,,
Nove SAT (20)

The chemical reactions occurring at the copper pickling surface, when acid persulfate
solution is used as a pickling medium, are given by Equations (21) - (22). The presence of
sulfuric acid in pickling media prevents the decomposition of Caro acid, so that it is only active
for the reaction with copper.

(NH4)28208 +H,0 = H,SOg +(NH4)ZSO4 (21)
H,S05 + Cu = CuSO, +H,0 (22)

It is noted that copper sulfate is the species whose diffusion controls the pickling flux.
From the literature we note that the diffusion coefficient for the Cu*? ion (as the CuSO, diffusion
coefficient), in 0.1 M CuS04/0.2-0.8 M H,SO, electrolyte, was found to be 5.23-10™° m?/sec, at
25 °C. And this value was accepted for use in our model. For each pickling solution, the viscosity
was determined experimentally. Table 1 contains the experimental conditions and the measured
pickling flux. In the same table we have included the measured kinematic viscosity of the
pickling solutions and the diffusion coefficient of copper sulfate obtained by temperature
correction of the value mentioned above. The last column of Table 4.1 contains the calculated
values for the constant ¢ of Equation (19).

Table 4.1 Experimental pickling flow and calculated values for ¢ from Eq. (19)

Nc t°C | Capsan | Casan | Ncuex kg/m’s v m?s D m/s | c Ec.(19)
1 40 150 15 2.07510™ 6.79107 | 7.6610™ | 0.039
2 40 150 7.5 1.813 10" 6.69107 | 7.8110™ | 0.035
3 40 75 15 1.196 10* 6.61107 | 7.8810™ | 0.045
4 40 75 7.5 1.031 10" 6.59107 | 8.0210™ | 0.043
5 20 150 15 9.85210° 1.1310° [ 5.0510% | 0.029
6 20 150 7.5 9.689 10° 1.1110° [5.1110% | 0.029
7 20 75 15 6.438 10° 1.0810° | 5.2210™ | 0.039
8 20 75 7.5 5.998 10° 1.0410° | 5.2910™ | 0.039
9 30 112 | 11.2 8.167 10° 8.07107 | 6.5110™° [ 0.026
10 30 112 | 11.2 7.987 10° 8.07107 | 6.5110™° [ 0.025
11 30 112 | 11.2 8.453 10° 8.07107 | 6.5110™° [ 0.027

It is specified that when calculating the ¢ values, it was considered that the concentration
level of active species in the pickling solution cp, is the sum of the concentrations of ammonium
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persulfate (Caps) and sulfuric acid (Cas). The mean value of the constant ¢ in Equation (19) is
0.035, while their standard deviation is 0.0007.
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Figure 4.2 Flux dependence of copper picklingvs | v/ #2

Figure 4.2 shows the evolution of the copper pickling flow as a function of the
characteristic term in Eqg. (19). We find here that the best value of the constant c in this
relationship is 0.035. At the same time, this figure considered a comparison between the
experimental values of the pickling flux and those according to the model with ¢ = 0.035. With an
approximation of + 20% we find that the model has an acceptable response to the experimental
data.
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CHAPTER 5

In chapter 5, film flow and film flow corrosion are investigated, with brief generalities in
subchapter 5.1, so that in subchapter 5.2 a detailed description of the experimental set up is
presented, with the proposed strategy for data collection (what type of data, how of obtaining,
processing method), as well as the progress characteristic of the experimental research stages,
where it is shown that for the simulation of complex atmospheric conditions, the supply, on the
selected material section, with distilled water, conductivity of ¢,p=105 uS/cm was taken into
account (where AD = distilled water) continuously, similar to how those in nature are exposed.
The goal was to create a continuous film of water, similar to the one created in precipitation
conditions, of duration and intensity close to the atmospheric ones.
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The study followed the influence of the factors on the corrosion dynamics only on one
side of the sheet metal section with the surface Ar=15 x 100 = 1500 cm?® = 0.15 m?. For the
protection of the other part of the sheet metal section, it was opted for the chemical treatment
with universal enamel and its gluing on the plexiglass support (2), ge.'=0.2cm thickness,
Lp.=103cm length and respectively Ip;=22cm width. As can be seen from the presentation figure,
two PVC supports (3) of Ls pyc= 105 cm length and Is pyc=7 cm width were attached to the ST/PL
joint body on the sides. The black sheet section was thus maintained in a vertical plane with the
help of the two PVC supports. Regarding the water supply, the flow on the flat vertical steel
plate, this was achieved with the help of two flexible pipes (4) of Dc1 ap°=Dc2 ap°=1 cm diameter
and L¢=L=150 cm length, provided at heads with glass nozzles (5). The two pipes are
supported by mobile arms (6), attached in turn to two stands (7).

; = (=
Figure 5. 1 Scheme of the experimental laboratory installation

The water flows feeding the flow in the film can have different values, here considering
working with Gv ; ap = 0.4 L/min, Gv ;; ap = 0.9 L/min respectively Gv 1 ap = 1.9 L/min. In each
case of flow, a uniform film was created, formed on the entire study surface of the section of
black sheet steel, on which the simulation of corrosion in the film, as it is formed from
precipitation in the natural environment, is considered. Regarding the testing durations by the
flow of flows mentioned on the sheet section, values between 180 and 360 minutes were
considered (Top 15 61 =180-360 min) for an extended period of time (Top/day) (operating time per
day) between 24 and 72 hours). The continuous supply of water to the black sheet section was
carried out with the help of a pump (9), fed with electric current by a transformer (10), fed in turn
at 220 V. The operation at the selected flow rates was carried out using a control valve (11),
mounted at the suction of the pump (peristaltic pump). The supply to the two pipes, with flow
rates of equal values, was achieved by mounting a 50 cm pipe at the pump outlet to which the
splitter (12) was attached. In order for there to be a homogeneous medium (perfect mixing) in the
recirculation vessel, as well as to achieve good aeration (oxygenation) of the recirculated water, it
was realized continuous mixing with a laboratory stirring system composed of motor (13) fed
with an alternating current, with stirring device and electrical feeding system with voltage
regulation Agituvar (14). Supplying the continuous film with distilled water over the entire width
and length of the entire steel sheet section was achieved by recirculating, from the supply vessel
(15), with the help of the pump, the entire volume of distilled water. The volume of water in the

1 pL= plexiglass
2 DCAD = distilled water pipe diameter
® DCAD = distilled water pipe diameter
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vessel was fixed at the value Vap=5 L. As shown in the feeding vessel, the accumulation of Fe
ions takes place that do not participate in the local formation (at the site of the corrosion pile) of
the rust accumulation. This accumulation of ions in the recirculated water can be followed
conductometrically and by spectrophotometric analysis. Therefore, 2 conductivity sensors were
mounted in the supply vessel, in permanent contact with the recirculated water, one of them (16)
connected to a Jenway 330 conductometer (17) and a second one (18) connected to an INOLAB
conductometer WTW (19). The Jenway conductometer also has a coupled sensor for temperature
measurement (20). In order to know the temperature and humidity of the external air, an
additional air humidity, air temperature and air dew point sensor (22) was added to the
installation. Thus, during the exposure of the tin plate to the continuous supply of distilled water,
measurements were made at intervals of 15 min (Tab. 2.2) of the conductivity, the temperature of
the external environment, the temperature of the water, the temperature and the dew point
temperature of the air. At time intervals of 60 min, 15 mL of the water sample was taken from the
recirculation basin, so that here the concentration of total Fe in the corrosion environment was
determined.

The experiments were carried out on cycles of several days, considering as a parameter
the modification of the feed rates on the sheet metal surface as well as the possibility of choosing
the effective operating times for corrosion by flow in the film. It should be added that, although it
was not specified, the simulation of corrosion in film flow through acid rain is easily achieved by
controlling the composition of the water in the recirculation tank. An example of data collection
can be found in Tab. 5.3.

Tab. 5. 3 Values of the process parameters at the beginning of the first experiment

Feeding flow Gv, op = 1.9 L/min

Crt. | Measure Sample Sampl Operating . Elec. lons content
no. | ment collection e no. time F;f[?rs]' :\nﬂigxp Y:rztsr Cond. [mV]
range interval S/cm
[min] e [l | [C] | [c] | e
Day |
o[ o | n/a | nia | | [min] | 75831 | 277 [ 279 [ 1054 | 415

The state of the sheet metal surface at the initiation of the corrosion process by film flow
can be seen in Figure 5.4. The unaltered appearance of the sheet metal surface is observed when
the process starts with demineralized water with the electrical conductivity value of oap o v 1 =105
uS/cm (in the Inolab conductometer) respectively of oap o v 1 =415 mV (in the Jenway ionometer)
at tmeg am= 27.7 C and tap= 27.9 'C temperatures and at atmospheric pressure pam= 758.31
mm/Hg atmospheric pressure.

Figure. 5. 4 Initial stage at the beginning of the expﬁriment: a)-section of black steel sheet without corrosion;
b)-top of the nozzle area, initially; ¢)-initial supply tank.

14




Marius Ciprian llie — Mass transfer in the corrosion of oil terminals
SUMMARY

In Fig. 5.5 the state of the sheet metal surface exposed to the flow in the film is observed
at 30 and 60 minutes respectively, with the presence of some altered areas on the sheet
simultaneously with reaching the measured values. It is added that at the observed state the values
from the meters corresponding to this operation time were oap o cv 1 =122.9 uS/cm, respectively
0AD 0 Gv 1 =554 MV, at teq am= 26.9 C and tap= 27.1 'C temperatures and at pam= 758.31 mm/Hg
atmospheric pressure.

e i

‘ |
~e — ,,,' " ¥ . . ’ _‘ / \
Figure. 5. 5 Experimental stage after 30-60 min: a)
b) black steel sheet surface after 60 min; ¢) middle area after 60 min;

In the middle of the first experimental cycle, it is obvious the degree of advancement of
the corrosion of the sheet metal section (Figure 5.7.), expressed simultaneously, quantitatively, by
higher values of the conductivity, of cAD 46 Gv I =153 uS/cm (respectively of the concentration
of Fe total in the corrosion environment).

The end of the cycle is characterized by high values of conductivity, oap 104 Gv; =170
uS/cm, oap 104 Gvi =270 mV respectively (Table 5.6.), a fact that clearly attests to the
accumulation of Fe, hydroxyl, bicarbonate and carbonate ions in corrosion medium (water).
Likewise, we present the values of the parameters recorded by the data logger (Figure 5.8), with
UR104 GV, =56.4% for relative humidity, ts;0,=25 °C, for system temperature, respectively tpri04 v
1=32.5 °C, for dew point temperature which overall characterizes the corrosion stage of the steel
sheet surface (Figure 5.9), after exposure for a duration of 1440 min.

Figure 5. 7. Corrosion stage on black steel sheet surface
on day Il1 of the experimental study
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Feeding flow Gv, op = 1.9 L/min

Crt.no Sample | Sampl | Operating Wate Elec. Cond. lons content
Measureme | collectio | e no. time Pres. Mediu ; [uS/ecm] [mV]
ntrange n atm m temp temp
[min] interval [mm/Hg] [C]
[min] [€]
Ziva VvV
88 0 n/a n/a nfa | nfa 744 25.5 25.9 175.1 250
89 15 744.00 26.1 26.1 173.70 248.00
90 30 744.00 26.0 26.0 173.60 250.00
91 45 1260 ! 60 744.00 26.0 26.0 174.00 255.00
92 60 744.00 26.0 26.0 174.60 258.00
93 75 744.00 25.9 25.8 174.90 258.00
94 90 1320 5 12 | 744.00 25.9 26.0 175.50 260.00
95 105 0 | 744.00 26.0 25.8 175.80 265.00
96 120 Top5 744.00 26.1 26.1 173.70 261.00
97 135 Gvl 744.00 26.1 26.1 174.30 264.00
98 150 1380 3 18 | 744.00 26.1 26.1 174.90 266.00
99 165 0 744.00 26.1 26.1 175.40 267.00
100 180 744.00 26.1 26.0 176.00 268.00
101 195 744.00 26.1 25.9 176.20 269.00
102 210 1440 4 24 | 744.00 26.1 26.0 177.00 267.00
103 225 0 744.00 26.1 26.0 177.40 267.00
104 240 744.00 26.1 26.0 178.00 270.00
Figure 5. 9 Corrosion stage on black steel sheet section
on day V of the experimental study
At the end of subchapter 5.2, additional images from different experimental stages are
presented.
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(h)
Figure 5. 15 Stages of the corrosion environment in experimental corrosion research: a) initially;
b) - i) with recirculated medium on the plate in corrosion stages

In subchapter 5.3, the experimental investigation and modeling of corrosion in film flow
were presented, similar to how the results were published in Metals journal. In the Abstract it was
shown that the experimental monitoring of corrosion dynamics in the film flow was carried out
using a laboratory pilot model and that the mathematical model of the case takes into account the
transfer of oxygen through the liquid film, which flows on the surface of the corroding plate,
where they take place the characteristic surface chemical processes namely the dissolution of Fe,
the oxidation of Fe®* to Fe** and respectively the formation of surface deposits. Calculation of
correlation coefficients for the apparent surface reaction rate constant and process factors showed
that they correlate strongly and non-linearly with the Reynolds number (Re) for film flow, the
cumulative flow duration, and the cumulative dwell time of the experiments. Using the dynamics
of the resistance to oxygen transfer through the rust film and the dynamics of its thickness,
resulting from the specific flux of rust deposition, the effective diffusion coefficient of oxygen
through the rust film formed on the plate was expressed.

It is further specified how film corrosion occurs during rain, when a film of water is
formed which flows on the surface of the metal in a downward flow. This film controls the
transfer of oxygen from the air to the solid surface, where chemical (electrochemical) dissolution
of the metal occurs. It is a complex process of diffusion, mass transfer and chemical reaction in
which oxygen is the diffusible species, while the reactive species are, at the metal surface, water,
oxygen and metal.

Figure 5.2 shows the importance of the research and presents (right side) at the same time
some of the current procedures for surface protection against corrosion of any kind, not only that
with the atmospheric environment as a source of reactive species on the surface.
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Proceduri pentru controlul coroziunii
otelului

Prevenirea coroziunii Protectia materialului
Utilizarea unor materiale
. ) Tratarea suprafetelor
rezistente la coroziune
e Metalic Organic Inorganic

Tabla neagra de otel g g

Tratament g
Exemple cuZn Vopsire Fosfatare

(a) (d) (e)

Figure 5. 2 Procedure for steel corrosion control and results of uncontrolled of film and drops corrosion of
some tanks from an oil terminal: (a) stages of corrosion control; (b,c) tanks at the beginning of usage; (d,e) tanks
after years of usage.

In Fig. 5.3, where the momentary elementary processes of corrosion by water droplets are
presented, we observe:

1. An electrochemical process that identifies an anodic and a cathodic location, between
which, the transfer of electrons takes place due to the corresponding cathodic and anodic
reactions;

2. A mass transfer process through which oxygen reaches the liquid phase (O ) — O5),
to maintain the cathodic and anodic process;

3. A chemical reaction process, partly dependent on O2, which leads to the formation of
rust on the steel surface (Fe** + 20H™ — Fe(OH);, 2Fe(OH), + %0, + Ho0 — 2Fe(OH)3)).

> O_EHE:A-

224 + (HO)Z — Z(HO)e4

N
=
=
+
=
(o]
=

Site
catodic

Fe — Fezf'__jl-_Ze e -

Placa neagra de otel

Figure 5. 3 Physical and chemical processes at atmospheric steel corrosion in a water drop.

If the ionization of water is expressed as a hydrogen (H+) ion generator as pointed out in
Equation (1), it uses the anodic reaction (metal dissolution) in the form of Equation (2) and the
cathodic reaction in the form of Equation (3); then, by summing them, Equation (4) is obtained.

4H,0,) — 4H* gy + 40H™ (1)
2Fe(s) — 2Fe®* () + 4e” )
O,q) +4H* () + 4e™ - 2H, 0 3)
2Fe(s) + 2H,0() + O,y = 2Fe®* ;) + 40H™ (g 4)
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From the point of view of chemical engineering, Equation (4) expresses a solid-liquid
reaction, where it is obvious that the reaction itself (the sum of Equations (2) and (3)) takes place
in active centers, as it does in heterogeneous catalysis. In this case, each reaction center consists
of anodic and cathodic components. A consequence of this consideration is that this case can be
treated Kinetically with the methods specific to heterogeneous solid-liquid reactions.

In Equation (4), the kinetics of the process depends on the oxygen concentration in the
liquid. This is strongly influenced by the transfer of oxygen from gas to liquid and from there to
the cathodic side of the corrosion site. Now, it must be added that the mentioned heterogeneous
process is, after oxygen, also under the influence of the local formation of rust points (centers).
This could be associated with each corrosion center as shown by the heterogeneous reaction
shown in Equation (5). It follows from Equation (4), to which the oxidation of Fe** to Fe** and
the precipitation of the metal oxide are added, what are processes that occur outside or in the
vicinity of the corrosion site.

3
Fec) + 502 o + (z+ 3)H,0 - 2Fe(OH)3zH,0 — Fe,03zH,0 + 3H,0 ®))

In subchapter 5.3.2. the experimental installation and procedure are presented, and in Tab.
5.6 we find the composition of the steel sheet used in the experimental investigation of film
corrosion (according to the manufacturer's data).

3
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22
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Figure 5. 4 Experimental laboratory setup for corrosion through a water flowing film: (1) surface of black
steel sheet; (2) plastic plate support; (3) PVVC strengthening supports; (4) water feed pipes; (5) water nozzles; (6)
water pipe flexible supports; (7) laboratory stands; (8) clamps stands; (9) water pump; (10) current transformer for
currents up to 12 V; (11) water flow rate control valve; (12) splitter for water pipes; (13) laboratory liquid mixer;
(14) electric power supply for liquid mixer; (15) water tank; (16) MV ion selective electrode; (17) Fischer ion/pH
selective device; (18) conductivity electrode; (19) conductivity meter; (20) temperature probe; (21) pH electrode;
(22) air humidity data logger.

Tabelul 5. 1 Composition of black steel sheet used in film corrosion research (according to

manufacturer).

Element Composition (wt%o)
Mangan (Mn) 0.166
Fosfor (P) 0.028
Sulf (S) 0.028
Carbon (C) 0.206
Crom (Cr) 0.078
Molibden (Mo) 0.114
Vanadiu (V) 0.003
Siliciu (Si) 0.004
Cupru (Cu) 0.082
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Nichel (Ni) 0.088
Titan (Ti) 0.004
Fier (Fe) 0.199

It was further shown that the flux dynamics of surface-removed iron (Ng), for two
consecutive measurements, can be calculated. Equation (6) was thus used, where Crer;i and Creri+1
are the iron concentrations of the corrosion medium at the corresponding times (zj and zj+1), and
H and | are the height and width of the liquid film on the corrosion plate.

No . = VI(CFe rzi+1 CFerzi)
Fet H (T — )

(Ec. 6)

Table 5. 2 Environmental conditions and data input for experimental investigation of steel corrosion
in water falling film flow.

Re), d, t t RH T T C C
Exp. NI". Wia, W, pH | a a d e elrx0 Fe rz0
Gn °C °C % days min pS/cm mg/L
1 8444 69 271 26.9 483 - 180 106 0
2 a3l gg 255 26.1 523 6 360 139 87
10" m
3 or.glzsg 6.8 26.5 26.4 338 6 360 151 140
4 Or'g/lsg 6.9 251 254 395 10 360 162 187
5 ’ 19 67 22.9 23.6 58.4 8 240 175 242
g/min
6 400 6.7 23.7 23.9 43.7 25 170 97 0
7 3.361 % ¢ q 225 23.1 415 15 300 103 6
10" m
8 Or'ﬁg 6.9 213 217 53.2 9 360 120 38
9 Oﬁgs 7 215 22.1 42.7 11 200 160 72
10 09 4, 20.9 21.9 395 19 300 184 90
kg/min
11 1778 66 198 225 37.6 27 180 83 0
12 21'3,748r: 6.9 205 21.9 355 14 360 89 24
13 Orﬁiz 6.9 208 216 55.1 14 300 95 5
14 Or'ﬁ/il 71 20.9 217 49.7 14 360 99 10
15 04 44 21.2 223 47.9 7 260 104 15
kg/min

(pH) corrosion water; (Gm) mass flow; (1) corrosion water temperature; (t;) air environment temperature; (RH,)
relative air humidity; (zq) time from last experiment; (z,) time of active experiment; (Cerxo) initial corrosion water
electrical conductivity; (Cre r0) initial iron content of corrosion water in device tank.

In subchapter 5.3.2.2. mathematical modeling was presented.

Regarding the processing of experimental measurements, the modeling problem consists
in finding a coherent set of relations that express the dynamics of the concentration, Cge-«), and
therefore implicitly the dynamics of the corrosion evolution on the plate, on which the film
corrosion medium (Nge) flows in Eq. (6)). Figure 5.7 graphically introduces the description of the
physical model that is considered here from the point of view of the transport, transfer and
conservation of the oxygen species (O,), without which the evolution of corrosion cannot take
place. Figure 5.7 describes only part of the corrosion phenomenon on the corroded plate. Thus,
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we see how the corrosion medium comes from the tank to the corrosion surface, with the oxygen
concentration Coz- and flows like a piston with speed w in a film of thickness ¢. This fact
corresponds to the situation where the flow on the flat plate is considered to be simplified, in that
it is of piston type with the average velocity w, which in laminar flow is 2/3 of the maximum
surface velocity (wmax). Due to the evolution of corrosion, at the current position x along the
corrosion surface the oxygen concentration decreases to the current mean value (co,). For the
control volume located between x and x + dx there is oxygen supply with the Np, flow and
oxygen consumption due to the surface reaction evolves with the specific surface velocity, Visoz.

Here, oxygen consumption determines:

1. The removal of iron from the metal surface, as a result of the surface reaction;

2. The formation of Fe,03-H,0 horst;

3. The release of Fe ions into the corrosion medium.

Related to the control volume, the mentioned processes make the oxygen concentration at
its exit cpr-dcoy. For the control volume, the oxygen balance for the unsteady state has the
general form of Equation (7). This is transcribed into an analytical expression by Equation (8).
Equation (9), which expresses the complete dynamics of the oxygen concentration near the

surface subject to corrosion, results from dividing Equation (8) by the size of the control volume
(/ 0 dx).

(Debitul de oxigen ) _ (Debitul de oxigen ce ) _ (Debitul de oxigen ce vine ) %
acumulat in v.c iese dinv.c si respectiv pleaca din v.c

dc
16dx 622 = WIS (cpy — dcpy) — Visopldx — wiScy, + Npyldx (8)
0cos dcp, 1
P w Ix = E(Noz—Vrsoz) (9)

~g

P2
Water Fo Py H:0 0,
o (‘ Rust \ ‘
Fo.0, 1H,0 Cathodic
centor

Anodic Py
Steel (Iron) conter

I\ WCoz op(r)

Figure 5. 5 Vertical film flow corrosion model for black steel plate (O2 balance, at the beginning of
corrosion; P1—electrons transfer between anodic and cathodic points, P2—oxygen absorption, P3—rust production).

An addition to Equation (8) takes into account reverse flow, which occurs due to surface
roughness or the formation of flow microwaves. It is phenomenologically char-acterized by the
meaning of the axial mixing coefficient DL. Completion of Equation (9) forms Equation (10).
This form still needs to be completed, as shown below, by taking into account the consumption of
oxygen by the oxidation of Fe?* ions.

d¢cpy N 0¢p, 0%co,

1
3z TV o =D, ax? +5(N02_ Viso2) (10)

Equation (10) requires computational models or expressions for J, Wmax, W, Di, No, and

VrsOZ-
When the mass flow rate is imposed by the film thickness (Equation (11)), the maximum
superficial velocity (Equation (12)) and the mean velocity in the film (Equation (13)) are
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expressed by analogy with a laminar flow on a vertical plate [20, 21] (where # is the corrosion
water viscosity; g is the gravitational acceleration; and p is the corrosion water density).

3(3nG,,
5— /p’;gl (11)

_8%gp
Winax _W (12)
_2 _0d%p
W_gwmax_ 377 (13)

The oxygen flux passing through the film towards the corroded surface is given by
Equation (14), with the mass transfer coefficient expressed in Equations (15) and (16), as an
average value, according to the penetration theory [22]or according to the Johnstone model and
Pigford [23]

Noz = k; (€o2i — Co2s) (14)
D max

k=2 027:1: (15)

k, = 3.41% (16)

Experimental observations led to the conclusion that the appearance and development of
corrosion centers follow an evolution both in time and in the x-axis direction. In fact, the
maximum fraction of surface area occupied by the crust (emax) IS Obtained after a sufficient time
from the start of corrosion in the film. Thus, the surface reaction rate, kgo,/(m?-s), is expressed by
Equation (17), where o is a dimensional constant T™*, and the function f(x,z) in Equation (18) tries
to describe coverage of corrosion centers along the x-axis. It should also be noted that in the
kinetic expression, the surface reaction rate constant (k) has the dimension LT, that is, the
dimension of a mass transfer coefficient.

Vso2(x,7) = (1 — ™) f(X) €maxkrsCozs (17)

X x\? et
f(X): 1+Z—(Z) B 1—e < 0.98 (18)
1, 1—-e7%">098

The flux of dissolved iron, in position x and time 7, becomes based on the stoichiometry
of Equation (4). It is given by Equation (19). The stoichiometry in Equation (5) shows how we
can establish the deposition flux of ferric hydroxide hydrate from Equation (20), which is actually
the flux showing rust development (Fe,03zH,0). In Equation (20), the degree of Fe’* oxidation
(17r0x) 1s @ process parameter.

4 VSOZ (xl T)

Npe(x,7) = § M,, Mg, (19)

NFe(OH)S(x’ T) = NroxNre (X, T) %}W (20)

To determine how the iron ions reach the corrosion water (environment), it must be
checked whether they (pH = 6.9-7.2, t = 25 °C) can react with the Fe’ " ions as Fe’ " ions. We thus
start from the fact that Fe(OH); has, at 291 K, a value of the solubility product Ps =1.1 X 107°,
According to this Ps value, it follows that from any location on the corrosion surface, where it is
Fe(OH);zH,0 (actually Fe,03zH>0), the concentration of trivalent iron ions on the corrosion
surface is calculated according to the established Equations (21)—(24).
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Fe(OH); < Fe3* +30H~ (21)
Con = 3Cre3 (22)
Py = (cre3)(con)® = 27(cres) * (23)
PN (11x 10736\% _,, moli L
Cre3 = (ﬁ) = <T> =45 x 1071 ——=2.62x 107 g/L (24)

This value of cp.3, namely 2.62 x 1078 g/L makes the specific transfer ﬂow to the
corrosion medium around 2.62 x 10" nge3/(m s) This low concentration of Fe’® in the
corrosion medium cannot support the strong increase in its electrical conduct1V1ty For a corrosion
surface of 0.15 m* and 5 L of recirculated water, the flow rate of Fe ions coming out of the
plate reaches 3.93 x 10" kgpes/s and the duration to obtain the Fe’* precipitation concentration
in the corrosion medium is 7, = (VcFeg)/(3 93 x 10 14) =13.325 x 10° s. Our observations showed
that this time of appearance of Fe(OH); in the rec1rcu1ated medium is shorter, not exceeding 2000
s. The explanation lies in the oxidation of Fe’" ions, released by corrosmn which reach this
medium. According to Equation (20), we can write that the specific Fe’™ flow coming into the
corrosion medlum can be expressed as Equatlon (25). Inside the corr0s10n environment, where

oxygen exists, Fe’* is oxidized, as shown in Equation (26), to Fe’ ", which then precipitates as
Fe(OH);.

NFeZ (X, T) = (1 - nrox)NFe(x! T) (25)
1 1
Fe?* + 202 T 5 Ha0 - Fe3* + OH~ (26)

The kinetics of the homogeneous oxidation in water of Fe’" to Fe'" is expressed [24-26]
in the form of Equation (27). Here, PO, is the partial pressure of oxygen in the air at the air/water
interface and coy and cr.»+ are the corresponding ion concentrations in the water. If we consider
the partial pressure of O; air in the atmosphere a temperature of 25 °C, a pH interval of 6.5-7.5,
and the 1on concentrations expressed in mol/L, then the kinetic constant k,, has the value 3.33 x
10" L/(atm*mol-s).

_ dCFez+
dt

= koxCFeZ+(COH_)2P02 (27)

If the corrosion medium also contains other important ions, such as Na" and CT (cases of
corrosion in slightly saline water), or even different ones, then the elementary processes that
accelerate corrosion must also be identified and, taking this into account, additions to Equations
(19) and (28) must then be made accordingly. However, this is not the case in the current
investigation. In our case, expressing coy from the ionic product of water (Equatlon (22)), we
will have, at 25 °C, atmospheric pressure, and pH = 7, a value for coy of 107" mol/L. Now, taking
PO, = 0.21 atmospheres, Equation (27) becomes Equatlon (28), a first-order kinetic relationship
with respect to CFe2+, where the value 15.76 x 10 s ! is for the reaction constant koxr- To express
CFe2+ 1N kgpeg+/m the right side of the expression is multlphed by the Fe molecular mass.

2+
- dc;_[e = Vppe2t = koerFe2+ MFe (28)

The above data show that the O, balance must be completed in relation to the control
volume considered in Figure 5.7, with O, consumption for Fe’" 0x1dat10n According to the
stoichiometry of the reaction from Equatlon (26) and according to the Fe’" oxidation kinetics, the
evolution of oxygen consumption in the corrosion medium has the expression from Equation
(29). Figure 5.8 shows the mentioned completion and Equation (30) expresses the dynamics of
the mean oxygen concentration in the film at position X and time 7. If it is admltted that the
precipitation of Fe(OH); is fast, then we will not have Fe’" in solution above 2.68 x 10~ g/L (see
above). So, in the liquid phase, we have both Fe’" ions and Fe(OH); micro particles resulting
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from Fe’' oxidation. Consequently, for the considered control volume, their balance must be
added. Figure 5.9 shows the description of the Fe’" and Fe(OH); balances.

S 1 " Mo,
0, — Z rFe?* M
Fe

(29)

0,

@ WCO022(z) ( f2
Water 2
Fe P3 "H,0
I i 2 . 0,

: . ¢ Rust’8
\-\\ v

IR Fe:0.-H:0 Cathodic
center .
Anodic Py
Steel (Iron) center S~

Figure 5. 6 Vertical film flow corrosion model for steel plates (complete O2 balance; P1—electrons
transfer between anodic and cathodic points, P2—oxygen absorption, P3—rust production).

0¢oz 0¢coy 0%co; My,
+ = +—=(Npy — Voo — N, —_— | -
T w ax L 552 5\ Vo2 502 Fe(0H)3 4 Mre(omysziz0 Vro, (30)

The particularization of Equation (7) for F ¢’ for the Fe(OH); balance leads to the partial
differential equations (Equation (31) and (32)), which express the dynamics of the concentration
of these species on the corroding plate. Here, we maintain the plug flow through axial mixing for
the flowing liquid.

aCFez+ aCFez+ aZCFe2+ 1
ot ox  F ox? 2+ ENFeZ  Vrrezt ey
OCre(0H)3 OCre0H)3 0 Crecom3 , Mreory3
_ = 32
ot tw Ox Dy 0x? + Mg, erez+ (32)

Cre(oH)s+ OCFe(oH

CFe(0H)3 ep (T)

Figure 5. 7 Vertical film flow corrosion model for steel plates (Fe®* and Fe(OH); balance).
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The general mathematical model of the process taking place on the plate contains the
partial derivative equations (Equations (30)—(32)) with explanatory relationships for the reaction
rate of oxygen consumption at the corrosion surface (V02), for the specific oxygen flow rate to
the corrosion surface (Nop;), for the reaction rate of oxygen consumption in the oxidation of Fe’"
(v,02), for the specific flow rate of Fe’" coming into the liquid (Ng;), and for the oxidation rate of
Fe'* in liquid (vype2s).

The model can be customized by attaching to it the univocity conditions expressed in
Equations (33)—(35).

7=0,x 20,02 = Co2i) Cpez+ = 0, Cre(OH)3 = 0 (33)
>0 o, p, %02
t ’ =8 P
=w(cozrz (T)d
Cp,2+
— Co2 rzr)'DL C;:C . (34)
Cre(0H)3
= W(CFe2+(T) — Cre 2+rzr)' D, #
= W(CFe(OH)3(T) — Cre(0H)3 rzz)
dc dc dc
>0, x=H —2=0—F_o, feOHs_, (35)
dx dx dx

It should be specified that Equation (34) is a univocity condition of the specified three-
concentration field Equations (30)—(32) and a link relationship [24] between the corrosion model
on the plane plate and the unsteady-state operation model of chemical processes in the corrosion
medium tank. Regarding the processes that take place in the corrosion medium in the
recirculation tank, Figure 5.8 tries to show their phenomenology. Here, we note that the perfect
mixing flow model is accepted and that oxygenation of the corrosion medium occurs through the
free surface. Also, the oxidation of Fe’" continues and due to this oxidation, the generation of
ferric hydroxide increases in intensity.

0.33 0.66 1.00

(min)

B LY et

Figure 5. 8 Corrosion evolution in time and space at the beginning of the process (1 —x=(0 —0.33 m), 2 —
x=(0.33 — 0.66 m), 3 — x = (0.66 —1 m)).

The characteristic equations of the processes in the recirculation tank of the corrosion
medium are the three unsteady-state balance equations for oxygen (Equation (36)), Fe’" ions
(Equation (37)) and Fe(OH); micro precipitate (Equation (38)). For these ordinary differential
equations, the initial conditions in Equation (39) are used.
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dCOZ le S 1 M02
; dr == WZG(COZ ep — Co2 rz) + z NOZ rz = Z VUrre2rz M—Fe (3 6)
Cpe2+ Vi
(;T Z = (CFe ep?t — Cre r22+) + Vrrezrz (37)
dCre(oH)3 rz GVl Mreom)s
dt = (CFe(OH)3 ep — CFe(0H)3 rz) + Vrpezrz M (38)
T Fe
mg
T = 0, Coorz = Cozi = ST' Cre2+ = 0, CFE(OH)S =0 (39)

Therefore, the mathematical model of corrosion in film flow, coupled to the working
mode of the experimental laboratory installation described above, contains the set of partial and
ordinary derivative equations (Equations (30)—(39)). Added to this are the relationship
expressions for V02, Noz, V02, and v,r, >+. The dynamics of the specific flow rate of dissolved
iron (Npg.), the dynamics of the specific flow rate of ferric hydrox1de (Nretom3), which is
deposited as rust, and the dynamics of the specific flow rate of Fe’" ions (Np..) are also of
interest. They are related to each other and depend on the rate of the surface reaction (V;02).

There are 4 parameters in the model that require identification, namely a, ks, and epax in
the Vsoz expression (Equation (17)), and the Fe®* oxidation yield (i70) in the NEe(oH)3 eXpression
(Equation (20)).

Subchapter 5.3.2.3 presented the results of the experimental study. We found that for z =1
h, the surface of the iron plate was completely covered with active centers (Figure 5.10). Thus
from relation (17) (1 — e “)f(x) goes to 1 around one hour, which requires « = 3.91 h™. This
observation also complements and clarifies the initial and uniqueness conditions of the entire
corrosion model.

Following the coverage of the surface with active corrosion centers, the relation for
Vsoz2(x,7) becomes as in Equation (40). Here the apparent surface reaction constant k&’ takes into
it the fraction of surface occupied by horsts (emax) and the effect of blocking corrosion by
increasing the thickness of the horst film surface.

Vso2(x,T) = k‘;‘SECOZS(x' 7) (40)

Table 5.2 summarizes the concrete conditions of each experiment at the beginning and
during its evolutions.

For each experiment, the dynamics of the electrical conductivity of the corrosion medium
and the dynamics of its total Fe content are shown in Figures 5.13-5.18. First of all, for the
purposes of this paper, we showed that each pair (Ce 1z, Cre rz) Of the 15 pairs of corrosion
dynamics curves can be interpreted by the presented model, so that &’ and #rx Can be
determined for each specific case. To justify the previous statement, we state that we have shown
that the steel film corrosion model has four parameters, and we have shown that a has been
identified and emax has been merged into the surface reaction rate constant.
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Figure 5.13Dvnamics of electrical conductivity of corrosion water from  Figure 5.14 Dynamics of the total iron content of the corrosion water from

the 5 experiments with a liquid flowrate of 1.9 L/min (Re;=844.4).
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Figure 5.15 Dynamics of electrical conductivity of corrosion water from Figure 5.16 Dynamics of the total iron content of the corrosion water from
the 5 experiments with a liquid flowrate of 0.9 L/min (Rel =400). the 5 experiments with a liquid flowrate of 0.9 L/min (Rel =400).
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the 5 experiments witha liquid flowrate of 0.4 L/min (Rel =177 8). the 5 experiments with a liquid flowrate of 0.4 L/min (Rel =177 8).

A quick look at the Ce r; VS. 7 and Cre 1, VS. 7 curves can clearly distinguish that the first
experiment that started with the virgin steel plate is characterized by the strongest dynamics (e.g.,
the g r, increased by 45 puS/cm in 180 min and the Cge , has an increase of 82 mg/L in 180 min
(red curve in Figures 10 and 11) versus an increase in Ce , of 11 uS/cm in 360 min and an
increase in Cre r; 0f 33 mg/L in 360 min (green curve in Figures 5.15 and 5.16)).

A comparison of the 15 experiments of active corrosion in the flowing film can be made
by analyzing the dynamics of the flow of steel away from the plate, as well as its average
maximum and minimum values. Thus, the data sets Cre r, VS. 7 Were analytically transformed by a
polynomial dependence of the 3rd degree and the specific corrosion flow rate, given by Equation
(6), was expressed accordingly. Figure 5.19 and Table 5.3 show the result of this data processing.
Table 3 also contains the data for the mean specific steel flow rate obtained with a linear
relationship Cre , VS. 7, Which is supported by the shape of the curves shown in Figures 5.13 -
5.18.

Figure 5.19 si Table 5.3 show that:

1. The specific corrosion flow rate vs. the time dependences in 5.19 decreased linearly and
increased nonlinearly, with a maximum or a minimum due to the relationship of Cre , VS. 7 by a
polynomial with a 3rd degree of dependence;

2. It is interesting to note that the integral average values of the specific corrosion flow
rate were very close to those where the dependence of Cre r; VS. 7 was linear (columns 5 and 6 of
Table 5.3);

3. The first experiment is distinguished, compared to all the others, by the dynamics of cr.
rz VS. 7 and by the very high values of the specific flow; here, at Re; = 844.7 in 180 min, a Cge (, Of
80 mg/L was reached and the mean specific steel corrosion rate was 15.61 mg/(m? -min),
compared to experiment 5 where Cge ; increased in 240 min, with a cge , 0f 30 mg/L with a mean
flow rate specific to iron corrosion of 3.532 mg/(m? min);
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4. These results support the previous observation which showed that the reduction of the
specific flow of iron away from the plate is the consequence of the thickening of the rust layer on
its surface.

Table 5. 3 Values for specific flow rate of iron for all active experiments.

E NFe min NFe max NFe mediu1 NFe mediu 2
,\fp' Ligiud flow
r mg mg mg mg
m?-min m?-min m?-min m?-min

1 Gu=19 8.62 257 15.61 15.386
L/min

2 Re, =844.4 0.55 8.97 5.06 5.115

3 1.9 7.22 3.47 3.325

4 5.02 7.32 5.25 4961

5 0.55 14.25 3.88 3.353

6  Gu=09 0.53 111 0.928 0.911
L/min

Re, =400.0 3.15 5.15 3.728 3.567

2.39 3.89 2.849 2.676

0.52 5.15 1.822 2.525

10 1.37 2.15 1.822 1.918

11 Gy = .0'4 0.05 0.31 0.276 0.262
L/min

12 Re, =177.8 0.11 0.38 0,323 0.323

13 0.38 0.55 0.478 0.475

14 0.32 0.94 0.561 0.495

15 0.17 1.36 0.996 1.091

1 Integral mean value with 3rd degree polynomial dependence CF VS. 7, 2 integral mean values with Tinear dependence CF VS. T.
erz erz

None of the 15 reported experiments showed a sudden increase in the iron content in the
corrosion medium, a fact that would show an important degradation of the rust film formed on
the surface. Given the random distribution of time duration between experiments, this observation
may be a sign that between two rainfall events, the rust layer on an attacked surface does not
change its state or even its structure.
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Figure 5. 9 Dynamics of corrosion specific flow rate for experiments with (a) liquid flow rate of 1.9 L/min,
(b) liquid flow rate of 0.9 L/min; (c) liquid flow rate of 0.4 L/min (colors correspond to those in Figures 5.13-5.18).

In subchapter 5.3.2.4. the validation of the mathematical model was discussed based on
the experimental measurements presented above, for which the following procedure was used to
determine the two parameters of the model:

» The mathematical model was transposed into a numerical form as a function dependent
on the parameters to be identified, namely & s and #rox;

 The mentioned parameters were identified for all experiments using the minimization of
the root mean square deviation (Equation (41)) between the values regarding the dynamics of the
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corrosion steel content in the medium that were calculated by the model and those measured
experimentally [29, 30]
« From the identified values of the apparent surface reaction rate constant, the increase in
oxygen mass transfer resistance due to the rust layer was determined by Equation (42), where Rg;
is the surface reaction resistance and Ry is the mass transfer resistance of the rust layer.

N
F(k;se' T]OX) = z 1(CF6 rz(k;"se' nO.X’ Ti) - CFe rzex (Tl))z (41)
iz

Rp = Rsfr + Ry (42)

Table 5.4 contains the values of the identified values for & s and 7ox for all the developed
experiments. In the numerical expression of Cre r; (k'rses 770x, @nd 7;), the axial dispersion
coefficient was estimated to be 1.7 x 107® m?/s for Re, = 844.4, with a linear decrease for the
other Rey values. It should also be noted that testing the sensitivity of the numerical model for the
range D 10 °-10"" m%s showed an extremely small influence of this parameter on the dynamics
of the investigated process. The k’re and 7o« Values, derived from the minimization of the mean
squared deviation, have the quality of being maximum confidence values [30, 31]

In Table 5.4, among the factors influencing the two parameters, the liquid flow rate, the
cumulative duration of the film flow on the sample surface (z1), as well as the resting time (zq)
were considered.

Table 5. 4 The identified values of k’rse, nox, and their external factors (t, andt, : 21-27 °C, RHa: 35—

55%)
o Film flow K10 5o Rp10° Ry 10™ N
Exp. Nr. Liquid flow time z; (h) 74 ( days) m/s ) s/m s/m Fig. 5.19
1 - 2.296 0.19 0.455 0 (@) E1
2 Gu=19 9 6 (6) 0.716 0.18 1.397 0.941 (a) E2
3 L/min 15 6 (12) 0.506 0.16 1.976 1.521 () E3
4 Re;=844.4 21 10 (22) 0.496 0.16 2.004 1.548 (a) E4
5 25 8 (30) 0.358 0.16 2.793 2.338 (a) E5
6 28 25 (55) 0.155 0.18 6.061 5.605 (b) E1
7 Gy =0.9 33 15 (70) 0.425 0.18 2.353 1.897 (b) E2
8 L/min 41 9 (79) 0.336 0.17 2.976 2.521 (b) E3
9 Re;=400.0 44 11 (90) 0.315 0.15 3.175 2.719 (b) E4
10 49 19 (109) 0.298 0.17 3.356 2.899 (b) E5
11 52 27 (135) 0.051 0.17 18.179 17.132 (c)E1
12 Gy=04 58 14 (149) 0.032 0.14 29.411 28.861 (c) E2
13 L/min 63 14 (163) 0.043 0.16 23.258 22.796 (c) E3
14  Re,=177.8 69 14 (177) 0.057 0.17 17.54 17.089 (c) E4
15 74 7 (184) 0.106 0.16 9.434 8.978 (c) E5

* From Figure 17: (a) E1-E5 experiments; (b) E1-E5 experiments; (c) E1-E5 experiments.
The consideration of the flow rate of the liquid, by itself or the Re. number, as an

influencing factor on & ’rse and 70« cOmes from the fact that it influences the diffusion of oxygen
through the liquid film and through the surface of the rust crust at the corrosion centers.
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Figure 5. 10 Dynamics of total iron content in corrosion water from experiments and according to the
model, with parameters from Table 5.4 (line—experimental data, points—model computed data): (a) Re, = 844.4, (b)
Re, = 400, (c) Re;= 177.8, t, and t;; 2127 °C, RH,: 35-55%.

As expected, the apparent surface reaction constant showed high values when the rust film
did not actually exist on the surface (2.129 x 10~ m/s in experiment number 1). These values
decreased close to 70 times when the rust film and its age were large (0.032 x 107> m/s in
experiment number 12). The apparent constant for surface reaction correlates well (Table 5.5)
with the influencing factors in Table 5.4. This fact quantitatively confirms that the process of
surface film flow corrosion has a surface kinetic component, via the diffusion of oxygen through
the rust film in the active process and the densification of the rust film (increasing the resistance
of the structure to oxygen or to the diffusion of iron ions in the wet film) during the waiting
period. Figure 5.20 shows the excellent coverage of the film corrosion dynamics measurements
by the model using the parameter values in Table 5.4. Through these correlations, we have shown
how the three factors influence the surface reaction rate constant and hence, the momentary
corrosion speed. Many works have shown the influence of superficial flow [32, 33]on the
corrosion of steel or alloys. Similarly, in atmospheric corrosion, the rust layer formation on the
corrosion surface reduces the corrosion speed (v = kt" with n subunit [34])

Table 5. 5 Correlation coefficients for k.., and In(k,...) and process factor from Table 5.4.

Correlation Reynolds Number Film Flow Time  Standby Time
Coefficient Re: 77 (h) 74 (days)
kise 0.649 -0.712 —0.649
Ink!s 0.848 ~0.872 -0.873

The different behaviors of the rust film in the diffusion of oxygen to the surface reaction
are highlighted by the graphical representation shown in Figure5.21. Here, the mean thickness of
the rust film in the experiment, Jg, and the effective oxygen diffusion coefficient came from the
state of the numerical model when Equation (20) and the definition of Ry, | are included. Two
distinct ranges of values of the effective oxygen diffusion coefficient are identified in 5.21. The
range expressed by the mean values of the effective diffusion coefficient of 1.73 x 10 m%/s was
characteristic for the time of the experiments in which the rust film did not adjusted its structure
(z: below 50 h and 74 above 120 days). The range of values with D around 0.29 x 10*° m?%/s
corresponds to a much rigid (more compact) structure for oxygen diffusion to the reaction
surface. The phenomenon of diffusion hardening of the rust film that we have identified can be
supported by experimental analyses of the EDS and FTIR film that show, after tens and even
hundreds of days, the change in its surface composition [30].
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Figure 5. 11 Rust film thickness and effective oxygen diffusion coefficient in terms of z;and z4: (2) hours;
(b) days.

The values identified for the oxidation yield of Fe?* on the steel plate were not influenced
by the factors considered in Table 5.4. They can be characterized by the single value 7. = 0.167
+ 0.012. This result shows that iron oxidation occurs on the surface of the rust film where there is
sufficient oxygen. Basically, the oxidation yield in film flow on a steel plate is, according to our
measurements, in the range of 20-30 °C (Table 5.2). The same observation is valid for the values
identified for the apparent constant of the surface reaction (k;.).

We further add in support of crust hardening that our investigation, which continued much
longer than the times reported here, did not reveal surface rust removal by erosion due to the
flowing film on the surface.

From subchapter 5.5 Conclusions, we note that the numerical transposition of the model
allowed the identification of the model parameters, especially the apparent constant of the surface
corrosion rate and the oxidation yield of Fe* released in corrosion. Considering the dynamics of
the oxygen diffusion coefficient identified by the rust crust, it was found that, over time, the crust
formed on the surface becomes increasingly resistant to oxygen diffusion, for which two distinct
domains were identified.
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CHAPTER 6

In chapter 6, most of the data in subchapter 6.3 were being published at the time of this
thesis summary (under review), in Metals, Special Issue Corrosion Science and Engineering:
Recent Research, Insights, and Challenges: Corrosion and Protection Marius Ciprian Ilie, Timur
Vasile Chis, loana Maior, Cristian Eugen Raducanu *, luliana Mihaela Deleanu, Tanase Dobre*
and Oana Cristina Parvulescu. Experimental Investigation and Modeling. Considerations of
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Subchapter 6.1 presents generalities about droplet formation, presented as a phase change
process, with a condensation mechanism that can lead to film condensation and droplet
condensation, respectively. In the first case the thin condensation film on the condensation
substrate acts as a barrier to heat transfer to the substrate [9]. In droplet condensation, the
condensing substrate (surface) will be designed so that small droplets form and slide off when
they reach a certain size, cleaning the surface and exposing it to fresh nucleation sites for further
condensation [10]. In both mechanisms, even small amounts of non-condensable gas in the
system determine the reduction of the heat transfer rate substantially [11-13] and cause the heat
transfer to be associated with the mass transfer.

Subchapter 6.2 presents considerations regarding mass and heat transfer during droplet
formation, and we note that the kinetics of heat transfer during condensation in droplets from
moist air is characterized by the partial heat transfer coefficient for condensation, o very high,
even 1000 W/(m? grd). It is also emphasized that for the heat transfer coefficient during
condensation from air, it is considered to be expressed, in general, in the form of Equation (3),
i.e. as a function of 4 factors AT,,, UR,8,, B: (i) ATy, — Subcooling temperature, i.e. the
temperature difference between the ambient environment and the condensation substrate; ii) UR-
the water content of the surrounding atmosphere, i.e. humidity; iii) 6, — the surface energy of the
substrate, i.e. the droplet-solid contact angle; and iv) § — the substrate tilt angle, i.e. the angle
between the condensation substrate and the gravitational field

a = f(ATsyp, UR, 04, B) 3)

Chapter 6.3. Experimental Investigation of Multiple Droplet Corrosion on Plate presents
the results of the experimental study, submitted for publication in Metals, focused on the problem
of steel surface corrosion as a kinetic expression when water droplets are repeatedly deposited
and evaporated on/from its surface. We started from accepting the simplest corrosion model,
according to which water forms a diffusion film through which oxygen will move towards the
steel surface, where it reaches and determines the maintenance of anodic and cathodic processes,
as a surface reaction [36]. The result of this model is in Equation (1) which shows the time
dependence, expressed in years, of the corroded steel thickness (ds), which, as a convention, is
given in um. The experimentally determinable constants A and n take into account the influence
of the factors mentioned above on this dynamics (A) as well as the superficial formation of the
rust layer, which reduces the intensity of corrosion (n).

Ose = A" 1)
This case of atmospheric corrosion can be characterized by approaches that consider it to
be a case of simultaneous transfer of momentum and mass [39, 40], respectively of simultaneous
transfer of heat and mass [41, 42], associated with the electrochemical corrosion process that
occurs on the surface. In the case of droplet corrosion, their appearance on the condensing surface
is a relatively fast process, under 10-15 minutes [43], if the condensing conditions are met [44],
as shown by Equation (2) where ps is the pressure of water saturation, ts and tq are the surface
temperature and air temperature respectively, U, gives the relative air humidity and t; is the dew
point temperature.
pS(tS) S ps(tg)Ur or tS S tT'(UT) (2)
Considering these remarks, we focused in this paper on the analysis of kinetics in the
corrosion process of the droplets upon their evaporation. Many of the current approaches to
modeling droplet corrosion refer to the Evans droplet model [42, 45, 46]which in its current form
[46] characterizes the onset of hemispherical droplet corrosion using unsteady-state species
concentration field equations with reactions of surface at the cathodic and anodic (droplet-based)
sites. For small hemispherical drops, the absence of movement in the droplet can be accepted
[46], while for large drops this fact is no longer acceptable because here the evaporation of the
droplet is accompanied by the Marangoni effect [48-50]. For small droplet corrosion, the
COMSOL solution of the Evans model [47], where it uses only an anodic site on the surface and
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a cathodic site near the droplet hemisphere, shows both that the current density curves in the
droplet inside are arcs, starting from the anode and closing at the cathodic site, and that, here, in
the cathodic site (the area where the drop closes to the surface), the concentration of dissolved
species reaches maximum values.
Subchapter 6.3.2 described the method and the experimental installation (Fig. 6.1)

Figure 6.1. Experimental laboratory setup for corrosion in water droplets: (1) black steel plate for corrosion tests; (2)
precision balance; (3) water droplets to corrode; (4) balance protection enclosure; (5) temperature humidity dew
point Data Logger; (6) laboratory meteorological micro station; (7) filming device; (8) data registration and
processing system; 9) stands; (10) clamps stand.

The corrosion processes from one drop, complemented with total Fe*? to Fe** oxidation
and with metal oxide precipitation, is expressed [38-40]by Equation (3):

2Fe(s) + %02 (l) + (Z + 3)H20 - ZFe(OH)3ZH20 - F6203ZH20 + 3H20 (3)

In subchapter 6.3.3. Mathematical modeling, three possible models were presented for the
evolution of the droplet shape in the evaporation process (Fig. 6.2).

RO R'I R2 R3

- g A . A
Ro Ro Ro Ro

- AT =N = B
RO R1 R2 R3

[ - —— e C

Figure 6.2. Possible models for the evolution of droplets shape during their evaporation, hemisphere shape: (A)
descending hemisphere; (B) spherical cap with trace preservation; (C) spherical cap without trace preservation; rust
as brown color.

Regardless of the shape, if it is identifiable, as shown in Figure 6.3, then its analytical
expression (y = f(x), X = ¢(y)) becomes possible from the knowledge of the instantaneous volume
[53] as shown by Equation (6). The surface produced by rotating y = f(x), x = ¢(y) with respect to
the x and y axes respectively [53] is the surface of the air drop interphase (Equation (7)).
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Figure 6.3. Droplet shape in y-x graphic representation

Veox =T[5 (FO)2 dx Vegy =7 f,"(0(3))" dy (6)

Our observations, justified with the presentation of the results, support that for an
evaporation of droplets on a steel surface the initial shape and its evolution correspond to a
paraboloid (Equation (8)). Here R is the initial radius of the droplet, deposited on the surface, and
h, shows the distance from the center of the droplet to its boundary.

x2 yz
E-I_E_l:() (8)

Figure 6.4. Representation of mass and heat transfer when evaporating the droplet from the steel surface
A Co2

Figure 6.5. The process of oxygen transfer and corrosion inside the droplet with Marangoni flow

The assumption that the droplet evaporates keeping its original trail allowed the analysis
by modeling the two processes in the droplet. Thus, Figure 6.4 shows the simultaneous
phenomenology of mass and heat transfer during droplet evaporation. Figure 5 shows the transfer
of O, inside the droplet and its consumption, through the reaction on the surface, with the
generation of rust. We mention that in the droplet inside there is an internal flow determined by
the association of the Marangoni phenomenon with its evaporation [54-56]. Figure 6.5
schematically represents this flow. When falling outside, over the boundary layer, the
experimental conditions characterize an environment or at most in natural convection. Under
these conditions, the vapors leaving the surface of the drop pass, by diffusion over the inert (air),
through the boundary layer of thickness . On any direction z, normal to the surface of the drop,
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their specific flow rate is given by the differential expression in Equation (9), where c is the total
molar concentration and D, represents the air vapor diffusion coefficient.
cDy dyy

Ny = (1-yp) dz (9

Figure 6.4 shows the vapor mole fraction at the droplet surface and outside the boundary

layer, so that the integration of Equation (9) gives the integral expression of the vapor flow
(Equation (10)).

cDy

N, = @ (yv(ts) - yvé‘) (10)

Equation (11) is written to highlight the driving force and the mass transfer coefficient, in
the form (12). Since c, Dy, J and even ygy, in (10) depend on ty and ts or more correctly on those
differences, it was considered for kq as dependent on the heat transfer driving force tg - t;. So:

ko = 5= kylty = t5) (1)
N, = Ckg(tg - ts)(yv(ts) - YUS) (12)

A balance for the duration from z to = + dz, when denoting the interphase transfer surface
(evaporation surface) S(z), yields Equation (12). Here S(z) depends on the instantaneous mass of
the droplet (my) as follows from the coupling of Equations (6), (7) and (8), where we put V,y, =
m,/pa. With this consideration, Equation (13) can be written as Equation (14).

—d:;p = N,M,,S(t) (13)
dm
d‘rp = af (m,)N,M,, (14)

If we had expressions or values for the mass transfer coefficient, for the interface
temperature as well as for the function f(m,), then the momentary mass of the droplet becomes
analytically expressible. Table 3 shows the calculation of the transfer surface, for the droplet
masses of interest in the present work, so that a and f(m) from Equation (14) can be identified.

Table 6.3. Calculation of droplet evaporation surface value as a function of droplet mass for the case of
paraboloid cap with constant cap radius

Parameters Surface values as function of droplet mass
R (cm) 0.30
m, (g) 0.060  0.050  0.040 0.030  0.020 0.010  0.005

h or h, (cm) 0312 0276 0235 0.183  0.133 0.069 0.035
SorSk) (em? 0588  0.528  0.453 0378 0286 0.283  0.283

af (m,) a=mnR* f(m,)=0908+7.08m, + 221.2 m}
R (cm) 0.35
my (g) 0.060  0.050  0.040  0.030  0.020 0.010 0.005

h or h, (cm) 0.252 0.228 0.189 0.147 0.101  0.052 0.022
S or S(z) (cm’) 0.595 0.530 0.458 0.385 0.385  0.385 0.385

af (m,) a=nR* f(m,)=1.037 —7.79m, + 277.5m}
R (cm) 0.40
my (2) 0.060  0.050 0.040  0.030  0.020 0.010  0.005

horh.(cm) 0217  0.185  0.152  0.116  0.078 0.040  0.020
SorS((ecm’)  0.601 0529 0505 0503 0503 0503  0.503

af (m,) a=nR* f(m,)=1.043 —598m, + 135.7 m}
R (cm) 0.45
my (2) 0.060  0.050  0.040  0.030  0.020 0.010  0.005

h or h, (cm) 0.179 0.157 0.123 0.093 0.062  0.031 0.016
S or S(z) (cm®) 0.666 0.656 0.642 0.636 0.636  0.636  0.636

af (my) a =nR*> f(m,)=1.005—0.933m, + 27.5m}
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To be functional, the model, in terms of the mass dynamics of the evaporating water
droplet at the surface, needs a solution to calculate the surface temperature of the water droplet
and also to account for the mass transfer coefficient from droplet to the surrounding air.

In this sense, if the heating of the droplet is neglected, then the temperature ts results from
the fact that the specific heat flow brought by convection to the droplet (Equation (15)) is equal to
the specific heat flow due to vaporization (Equation (16)). It is identified in Equation (15) that the
value of the heat transfer coefficient is a function of the air temperature difference and the surface
drop. So ag = aqg (t5-ts). In Equation (16) the latent heat of vaporization of water was denoted by
ry.

qg = g (tg —ts) = ay(ty — t5) (tg — t) (15)
qy = NyM,, 1, (16)

The mention equality of g4 and gy, coupled with N, relationship, goes for ts in Equation (17).
ag(tg - ts) (tg - ts) = Ckg (tg - ts)(yv(ts) - yv6)erv (17)

The transfer of mass and heat respectively from and to the droplet occurs through the
boundary layer of the droplet, as shown in Figure 4. Thus, the analogy of transfer phenomena [57,
58] can be used to express Ky (t5-ts) using ag (tg-ts). This is given by Equation (18), where pq is the
air density and cpq represents its specific heat coefficient. Coupling Equation (18) with Equation
(19) leads to the expression of the droplet surface temperature by the conditional Equation (19).
For y, (ts ) the Equation (20) is used, where p is the air pressure and A, B, C are the Antoine
constants for expressing the water saturation vapor pressure.

ag(tg—ts)
kg(tg — ts) = % (18)
ts = tg - — (yv(ts) - yv6)Mer, YU(ts) > Yus (19)
chpr
A——2
10 ts+C
Vo (ts) = — (20)

Regarding Equation (19), it should be specified that y,s depends on the relative air
humidity (¢) and the saturation pressure of water vapor at its temperature tg. It should also be said
that, after t;, this relationship is a transcendent equation, so to analytically or graphically raise the
dependence ts = t; (p,4) a calculation program is required.

To complete the model of droplet evaporation by natural convection, i.e. the model
showing how the droplet mass evolves over time as a function of initial radius, shape, air relative
humidity and air temperature, a relation expressing values of the heat transfer coefficient for this
heat transfer mechanism is needed. A relation from the literature [59, 60] was thus chosen, here
specified in the form of Equation (21), where the coefficients a, m and I; have the specifications
in Table 6.4.

m
ag = ag(tg — ts) =a (ﬂ) (21)

le

Table 6.4. Values for the parameters of Equation (21)
N.C. Parameter Vertical surface Horizontal upper surface Horizontal lower surface

1 a 1.420 1.320 1.520
2 m 0.250 0.250 0.330
3 I, 0.112 0.055 0.055

For the modeling of the corrosion process of the droplet-steel interface, it is considered to
progress more slowly than the evaporation process. The Equation (22) expresses the specific flow
rate of oxygen. This becomes (23) by expressing cozs from the equality of oxygen transferred
with oxygen consumed by the reaction surface.
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No2i = Noy = ki(co2q — Co2s) (22)
(23)

In Equation (23) cozq can be considered as the equilibrium concentration of oxygen at the
droplet surface temperature. The mass transfer coefficient k, given by adapting the literature [61,
62], takes into account the fact that the driving force for the Marangoni flow in the droplet inside
Is represented by the surface tension difference of the water at the droplet surface, (%), and at the
solid surface, (a(z, ) = o(ty ), as shown by Equation (24). For the apparent reaction constant, s,
Equation (25) [40]was considered. Here the value of 2.3 x 10™ m/s [9]was assumed for ki
(oxygen surface reaction constant when the steel surface is not rusted (new and this is a novelty
regarding the model from [40]previously)). In regard to the surface reaction rate constant, we
show that it has a rather complex meaning. Thus, seeing the corrosion process as a process with a
chemical kinetics in which the solid reacts with the limiting reactant (oxygen in water in the case
of pure corrosion), then it is influenced by local surface structure issues (local crystallinity, intra-
granular inclusions). As these structural irregularities are distributed, the surface is seen with
average properties. As a result, the reaction rate constant on the surface corrosion process refers
to a surface seen with averaging of unevenness. The rust thickness o is linearly dependent on the
mass of rust deposited at the solid interface of the droplet (Equation (26)). For the oxygen
diffusion coefficient through the rust layer, the range of values is 0.2 x 10° — 2 x 10 m%s [40]

o(tg)-o(ts) 5 0(tg)—o(ts)

k= a2 =375 % 10° (24)
. (25)
krsa kys DOZef
. Myy
T TRE pru (26)

The momentary flow rate of consumed oxygen is given by Equation (27) where S(z) can
be expressed as shown in Table 1. Based on Equation (3), the mass of iron dissolved under the
droplet (Equation (28)) is obtained, respectively the mass of deposited rust under the droplet and
on the contour of its trail (Equation (28)). As shown above, the rust mass was measured for each
experimental test. Its dynamics, resulting from the measurements performed, can be used to
validate the developed models, as well as to promote a global kinetic relationship of droplet
corrosion, as shown by Equation (1).

d
7;7'1(-)2 = S(T)NOZIMOZ = aff(mp)NOZlMoz' =0 Moy = 0 (27)
4 Mre
Mpe = 3Mo2 MZz (28)
2 MTu
Mmy, = gmoz Moy (29)

In subchapter 6.3.4. Results, it was shown that the experimental investigation followed the
simultaneous process of droplet evaporation and steel corrosion, evaluating in this sense: i) the
dynamics of the water mass of the drops located (deposited) on the plate; ii) the state of the form
of the evaporating droplets; iii) air parameters near the plate with evaporating droplets and iv)
increase in plate mass due to rust deposition from the corrosion process.

The diameter of the shape was found to be between 5 and 10% larger than that of the
droplet.

Both Figure 6.7 and Figure 6.8 come to support that, during evaporation, the droplet
shrinks while keeping its diameter very close, practically the same, to the original diameter of the
droplet. It is stated that in Table 6.3 in the building of functions f (my) this fact, now supported
experimentally, was used, namely that the drop shrinks while keeping its initial diameter.
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Figure 6.7. Frames from droplet evaporation-corrosion on a steel surface in Test 1, showing that droplet shrinkage
occurs with droplet diameter maintained: (¢ = 36.5%, do = 7.2 mm): (a) blank black steel plate, starting droplets
deposition; (b) droplet already in position; (c) evaporation evolution after 21 min; (d) ending of evaporation and
shape formation; (d) bottom - the third deposition of the drop, ¢ = 43.5%, dy = 7.2 mm)
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Figure 6.8. Frames from droplet evaporation-corrosion on a steel surface in Test 3, showing that droplet shrinkage
occurs with droplet diameter maintained: (p = 43.5%, dy = 7.2 mm): (a) starting droplets deposition onto rusted old
trails; (b) droplet already in position; (c) evaporation evolution after 21 min; (d) ending of evaporation with the new
layered rust

00:51:05.56

hr min sec

Tables 6.5-6.8 and Figures 6.9-6.12 present primary data for four evaporation-corrosion
tests when the plate surface is of steel, with its composition shown in Table 6.1. It is noted that
the presence of NaCl in the corrosion medium (column F from Table 6.7 and Table 6.8 compared
to the same column from Tables 6.4 and Table 6.5) significantly changes the mass of rust
obtained at the end of the test.

Table 6.5. Experimental data characterizing the evaporation of droplets from the steel surface and its
corrosion (Test 1, dy = 7.78+ 0.31 mm, d, = 8.05+ 0.45 mm)

A B C D E F G H I J K L M
1 0 487.25  0.00 27.7 53.9 17.5 0.0
2 30 486.35 0.90 27.8 52.9 17.3 0.5
3 60 48530 1.05 27.9 533 17.5 1.0
4 90 482 15 484.00 1.30 0.0 279 52.8 17.3 6.0 550 7576 1.5
5 120 483.50  0.50 ) 28.0 52.1 17.2 : : ) 2.0
6 150 482.80 0.70 27.8 52.8 17.2 2.5
7 180 482.20  0.60 27.8 52.9 17.3 3.0
8 210 482.20  0.00 27.8 53.2 17.3 3.5

(A) current number; (B) time (min); (C) initial plate mass (g); (D) current plate mass (g); (E) evaporated water (g);
(F) resulted rust mass (g); (G) air temperature (C°); (H) air humidity (%); (I) dew point temperature (C°); (J) external
air temperature(C°); (K) external air humidity (%); (L) air environment pressure (mmHg); (M) cumulated time (h).

(a) (b)
Figure 6.9. Droplets shape and diameter during their evaporation from the steel surface in evaporation - corrosion
Test 1: (a) initial; (b) after 120 min; (c) after 210 min (end of test). Mean diameter and standard deviation are shown
in Table 6.5.
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The chlorine and sodium ions presence in drops, in this case at a concentration level of
1g/L NaCl, does not change the dynamics of evaporation instead, as previously mentioned, it
causes the increasing of corrosion specific flow rate from 0.01 - 0.012 mgge-cm™h™ (Table 6.5
and Table 6.6, column F) to 0.05 - 0.06 mgre-cm™h™ (Table 6.7 and Table 6.8, column F).

Table 6.6 Experimental data characterizing the evaporation of droplets from the steel surface and its
corrosion (Test 4, dy =7.79 + 0.54 mm, d, = 8.38 + 0.55 mm)

A B C D E F G H I J K L M
1 0 486.85  0.00 272 432 13.6 81.0
2 30 48435  2.50 27.4 428  13.6 81.5
3 60 o0 48410 025 0.05 275 42.5 13.6 20 440 756 82.0
4 90 <Y 48280 130 27.7 419 135 82.5
5 120 48235 0.00 27.9 409 133 83.0
6 150 48235 0.00 27.8 409 133 83.5

(A) current number; (B) time (min); (C) initial plate mass (g); (D) current plate mass (g); (E) evaporated water (g);
(F) resulted rust mass (g); (G) air temperature (C°); (H) air humidity (%); (I) dew point temperature (C°); (J) external
air temperature(C°); (K) external air humidity (%); (L) air environment pressure (mmHg); (M) cumulated time (h).

(a) (b) ()
Figure 6.10. Droplets shape and diameter during their evaporation from the steel surface in evaporation - corrosion
Test 4: () initial; (b) after 120 min; (c) after 210 min (end of test). Mean diameter and standard deviation are shown
in Table 6.6
Table 6.7. Experimental data characterizing the evaporation of droplets from the steel
surface and its corrosion (Test 28, dy = 8.70+ 0.44 mm, d, = 8.93 + 0.50 mm)

A B C D E F G H I J K L M
1 0 501.60 0.00 285 322 103 9711.5
2 30 498.00 3.60 283 317 9.8 9712.0
3 60 49730 0.70 282 334 105 9712.5
4 90 49540 1.90 283 326 103 9713.0
5 120 49235 3.05 28.1 322 9.9 9713.5
6 150 48445 49020 215 (o5 281 321 9.9 32 45 759 97140
7 180 488.40 1.80 28.0 317 9.6 9714.5
g8 210 487.65 0.75 280 318 9.6 9715.0
9 240 48630 1.35 279 324 9.8 9715.5
10 270 485.40 0.90 278 331 101 9716.0
11 300 484.85 0.55 277 336 102 9716.5
12 330 484.85  0.00 276 341 103 9717.0

(A) current number; (B) time (min); (C) initial plate mass (g); (D) current plate mass (g); (E) evaporated
water (g); (F) resulted rust mass (g); (G) air temperature (C°); (H) air humidity (%); (I) dew point
temperature (C°); (J) external air temperature(C°); (K) external air humidity (%); (L) air environment
pressure (mmHg); (M) cumulated time (h).
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(a)
Figure 6.11. Droplet shape and diameter during their evaporation from the steel surface in the evaporation -
corrosion test 28: (a) initial; (b) after 120 min; (c) after 330 min (end of test). Mean diameter and standard deviation
are shown in Table 6.7)

Table 6. 8. Experimental data characterizing the evaporation of droplets from the steel surface and its
corrosion (Test 30, dg = 9.05+ 0.47 mm, d, = 9.32 + 0.49 mm)

A B C D E F G H 1 J K L M
1 0 49615 0.00 289 378 13 9769.0
230 493.10  3.05 291 376 13.1 9769.5
360 49120 1.90 292 377 133 9770.0
4 90 o5, 48935 185 13, 290 369 127 4, 35 757 27705
5 120 488.15 120 288 371 127 9771.0
6 150 486.70  1.45 287 371 126 9771.5
7 180 485.50  1.20 286 371 125 9772.0
8 210 485.50  0.00 285 367 122 9772.5

(A) current number; (B) time (min); (C) initial plate mass (g); (D) current plate mass (g); (E) evaporated water (g);
(F) resulted rust mass (g); (G) air temperature (C°); (H) air humidity (%); (I) dew point temperature (C°); (J) external
air temperature(C°); (K) external air humidity (%); (L) air environment pressure (mmHg); (M) cumulated time (h).

@ | ) (©)
Figure 6.12. Droplets shape and diameter during their evaporation from the steel surface in the fourth evaporation -
corrosion test 30: (a) initial; (b) after 120 min; (c) after 210 min (end of test). Mean diameter and standard deviation
are shown in Table 6.8)

These tables and figures (each of them) contain all the necessary data (evaporated water,
respectively deposited rust mass as dynamics referable to a single droplet) so that they can be
used in testing the developed model.

In subschapter 6.3.5 Discussions it was showed that the model testing involved the
calibration and numerical transposition of the model.

Mean values for relative humidity (t;) and air temperature (ty) near the plate were used for
calibration. The values identified for the surface reaction rate constant (k) and for the effective
oxygen diffusion coefficient through the rust layer (Doges) are consistent with those from film
corrosion [40], when evaporation-corrosion occurs in droplets of the water. The higher values of
the corrosion rate constant krsin by NaCl solution droplets show the intensification of the anodic
reaction on the steel surface, as reported in other works [63, 64]. The high value of Dogein in this
case indicates a rather permeable structure of the rust formed in the corrosion process, as well as
that here the transport of oxygen is facilitated by the action of CI" ions. For the constant a in
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Equation (24) the model performed well with a higher value compared to those found in the
literature (3.75 x107°). The numerical transposition of the model had the microsequences: a) the
choice of parameters: coefficient o and power m in relation (21), coefficient a from Equation
(24), krs and respectively the relation Dogefin (Equation (25)); b) selection of tests for corrosion
with drops containing NaCl); c) setting an option such as relative humidity and temperature to be
taken as a function of time or as mean values; d) the effective expression of the numerical model
for the dynamics of the mass of the drop, respectively the dynamics of the mass of rust deposited
under the drop;
Table 6.9 summarizes the model calibration results.

Table 6.9. Values of some model parameters and strategy from Equation (21)

C.N. Case Data 0 1, k., Dozes a m o
(Eq.25) (Eq.23)  (Eq.21) (Eq.21) (Eq.24)
1 Water dropletTabel 6.5 mean mean 4.5 x 10™ 9.1x10™ flp,t) 033 2.63x10™
Tabel 6.6 (m/s) (m?/s) (m?-s)
Water dropletTabel 6.8 mean mean 9.5 x 10™ 5.1x 107 flp,t) 033 2.63x10™
with NaCl (m/s) (m?s) (m?-s)

If to the presentation of Equation (21) it is added that in addition to heat transport by
natural convection we have an additional heat transport by vapors leaving the surface, then the
value chosen for the constant m is supported as well as the fact that a can be a function of ¢ and t,

(@= f(o.t))-

The result of these simulations is concentrated in Figures 16.3-6.17 and Table 6.10, which
characterizes, in comparison with those specified above, each individual test.
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Figure 6.13. Dynamics of droplets mass during their evaporation for tests 1 to 10 (T, Ty): (a) Ty — red; Tz — blue;
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Figure 6.17. Dynamics of deposited rust mass during droplets evaporation — corrosion: (a) in experimental tests
T1,,  Tao; (b) cumulated mass rust vs. effective corrosion time; line - model, dashed line - experimental)

The relative deviation between the experimental values and those according to the model,
presented in Table 6.10 for the dynamics of the droplet mass, respectively for the dynamics of the
deposited rust mass, it is stated that it was calculated according to the available data, as it appears
from the Equation (30) and (31) respectively. In Equation (30) n; is the number of time steps
since model integration for the i evaporation-corrosion test.

1 Z;-L mpex(fj)—27=i1 mpe(7))

EmpMi = T 100 i=12..30 (30)
p n; Zjilmpex(‘rj)
nguMi — ruexi ruti 100 = 1'2 .30 (31)

Myruexi

Table 6.10. Corrosion tests and comparison of experimental results with those according to the model by
relative deviations (&mpm, Emrum)

Test n, 0 1, (°C) a EmpM EmruM 7 T, T
(2) 0 (20) (%0) (%) (h) (h) (h)

1 0.0500 0.531 278 7.66 -8,14 -931 35 35 3.5
2 0.0480 0.454 282 7.69 -7.65 -2.85 3.0 6.5 30.5
3 0.0360 0.354 283 5.18 11.31 2.94 2.5 9.0 57.5
4 0.0455 0427 276 5.95 18.62 1.94 2.5 11.5 83.5
5 0.0490 0.328 27.7 5.23 15.18 4.39 3.0 14.5 134
6 0.0480 0.306 274 541 -11.50 1555 25 17.0 161
7 0.0535 0312 282 533 14.14 8.65 2.5 19.5 187
8 0.0535 0.350 289 5.19 0.717 11.02 3.0 22.5 214
9 0.0630 0.383 256 541 15.29 5.62 4.0 26.5 1658
10 0.0700 0.339 263 4.39 1.81 -161 4.5 31.0 1687
11 0.0915 0479 214 6.80 8.45 2.35 5.0 36.0 2892
12 0.1040 0441 21,5 7.16 -12.74 3.83 4.0 40.0 2920
13 0.1020 0301 249 4.39 18.00 4.79 5.0 45.0 5517
14 0.1150 0.261 254 3.79 -0.96 2.45 5.0 50.0 5645
15 0.1230 0950 25.8 4.65 -13.42 4.68 5.0 55.0 5575
16 0.1310 0.299 249 488 -1.39 2.92 5.0 60.0 6252
17 0.1320 0.349 239 6.26 -3.21 4.86 5.0 64.0 6282
18 0.1240 0.361 232 6.25 -3.49 7.19 5.5 69.5 6584
19 0.1260 0.306 213 6.97 -3.31 7.96 5.0 74.5 6603
20 0.1350 0.326 229 5.21 -4.41 8.72 6.0 80.5 6663
21 0.1460 0312 23.1 5.01 0.48 9.66 5.5 86.0 6903
22 0.1670 0.498 209 531 1.75 9.92 7.5 93.5 7014
23 0.1390 0.498 20.2 6.99 3.04 9.71 7.0 100.5 7654
24 0.1500 0.489 20,0 6.30 -6.20 11.24 75 108.0 7684
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25 0.1670 0.487 209 6.05 16.75 1289 85 116.5 7719

26 0.1650 0.577 20,3 7.26 5.16 11.08 8.5 125.0 7789
27 0.2080 0.495 20.8 5.19 17.87 8.95 9.5 134.5 7820
28 0.1250 0.326 28.1 5095 15.18 1227 55 140.0 7860
29 0.1550 0.337 284 6.21 15.28 13.27 4.0 144.0 7884
30 0.1090 0372 288 6.86 -19.98 1731 35 147.5 7908

Before making a more detailed presentation of what Figures 6.13 — 6.17 and Table 6.10
show, we can state that we have here a good coverage of the experimental data from those
produced by the developed and calibrated model. We want to highlight from the model
calibration, and even motivated there, that for a coefficient in Equation (21) a dependence on the
relative humidity of the air and its temperature is expected. We find this dependence in Table
6.10, which shows that at high relative humidity and temperature above 27 °C a is high (tests 1,
2, 26, 30) and that at low relative air humidity and temperature around 24 °C a has the lowest
values (tests 10, 13, 14, 21, 27). Calculation of correlation coefficients of a vs. ¢ and a vs. t;/20
finds the values 0.7551 and -0.2900, respectively, showing that a can, in the limit, be linearly
related to ¢ and can be considered independent of ty. Figure 6.18 supports these results. The line a
vS. ¢ in this figure is given by Equation (32). Adding Equation (32) to Table 6.9, then all
parameters of the evaporation-corrosion model are known.

s s o
+ + o+
7 T ™ok +
+ +
6 1 6 {E v T J
a a + ++
5 1 5 4 g
+
+ o+
4 1 At N 1
3 1 3t 1
2 1 1 1 2 | 1 Il Il
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7 tgx 207

(a) (b)
Figure 6.18. The evolution of a coefficient of Equation (21) in respect to the relative humidity of the air (a) and its
temperature (b)

a = 2.423 + 8.839¢ (32)

The dynamics of the evaporation of a single droplet, having variable mass under variable
environmental conditions (Table 6.10), is described well, even very well, by the developed
model, as shown by the values of relative deviations experiment - model (Table 10, column gmpwm)
together with graphical representations from Figures 6.13-6.15.

Considering the model curve and the experimental curve for each evaporation test
(Figures 6.13-6.15), we note their good correspondence, which supports the quality of the model.
From 30 sets of curves, only in the case of test 27 and maybe test 25 does it appear that the
model-experiment agreement is borderline. Figures 6.13-6.15, as well as Figures 6.16-6.17, in
conjunction with the data in Table 6.10, show that the evaporation time of the drop depends on its
size and the relative humidity and temperature of the air. The plots in Figures 6.17 and Figure
6.18(b), showing the dynamics of the rust mass from each of the 30 experiments, were drawn
using the data provided by the model. The slope of these lines, which represent the corrosion rate,
is almost the same for tests 1-27 where the water droplet contained no added ions. The nearly
three-fold increase in this slope when we have 1g/L NaCl in the droplet (tests 28, 29 and 30)
shows the intensification of the corrosion rate by suppressing the cathodic reactions in the
corrosion pile. The representation in Figure 6.18, right side, shows the very good agreement
between the dynamics of the rust mass deposited under the drop, obtained experimentally and by
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modeling. Thus, the approach of modeling the corrosion process through a droplet oxygen
transfer model with chemical reaction on the steel surface is very well supported. Here too we
can observe the above-mentioned change in the evolution of the slope when the composition of
the droplet is changed by the addition of ions.

In subchapter 6.3.6. Conclusions, it was shown that the expression, in the evaporation-
corrosion model of the evaporation surface of the momentary mass characteristic of the droplet,
was solved by integral mathematical analysis in relation to the proven shape of the droplet. It has
been shown that the evaporation of the droplet occurs with the preservation of the original shape
and that the rust resulting from corrosion is deposited on this shape. For all 30 evaporation-
corrosion tests, a very good coverage of the experimental results of droplet evaporation dynamics
was obtained.

Excellent model-experiment agreement was obtained regarding the dynamics of the rust
mass associated with a droplet.

In the case of evaporation - droplet corrosion with NaCl content, the involvement of CI’
ions in the anodic corrosion process, led to a strong change in the reaction rate constant and the
oxygen diffusion coefficient through the rust layer values, so that to obtain, for the dynamics of
the mass deposited by the rust, a good agreement between the model and the experiment.
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ANNEXES - Supplemental materials for observing the corrosion process in the droplet

ANEXA | —Experimental data by days

[ssunsr

8
#
8

togze Comnica publica.

DATA ogger

E1ETE] Pt 11 ETS

8lpluo|B

£

g
&
B

4
A
B
2

HEEHB BRI EEAEE AR

[sssas] &
G935 1.2
257.20)

(¢ Exp 6-8 (d) Exp 9-11

45


https://doi.org/10.1016/j.ijheatmasstransfer.2014.09.080

2| asef sms 1o [T e e e
4 53] e8| 1so| sao| ag
LT [
otdee ] 1 78 e 16
|
[l
1
[
ETECeT = =g
R 0| 19 190 rso| smo
[ 582
1

(g) Exp 22-23
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droplet corrosion
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ANEXA 11 — Corrosion dynamics from droplet initiation to corrosion acceleration experiments
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4. Conclusions of thesis
The general conclusions were kept in the format of the thesis

The research Mass transfer to the corrosion of oil terminals started from the assessment
that oil terminals must be high safety installations in operation, so they must be protected, first of
all, from the deterioration due to corrosion, specifically from the deterioration due to atmospheric
corrosion. Protection from the risk of corrosion is done through a deeper knowledge of it and in
this sense it has been appreciated that this can be done by analyzing the transport and transfer to
the corrosion surface of the species that intervene in its attack reaction. More precisely, the
dynamics of the corrosion process was considered to be based on the transport and transfer
through the corrosion medium towards the surface reaction of the main active species (oxygen in
pure corrosion). It was then found that the transport and transfer through the corrosion medium
can exist, being more complicated in fact as the simultaneous transport and transfer of mass and
heat (the case of droplet corrosion). Based on these considerations, the structure of the research
was built, and the particularities of experimental investigation and modeling were developed.
Thus, a work with personality and originality was achieved.

As is customary in the chapter of general conclusions, there is actually a review of what
the thesis brings new, interesting and original. In fact, each of the previous chapters of the thesis
has its own imprint and elements, which are listed in the chapter conclusions. In the spirit of this
consideration, we specify the following.

1. One of the objectives proposed for this research was the familiarization with the
multiple processes and characteristic phenomena in the field of corrosion, through an intensive
study of the specific literature, and this objective is considered, through the prism of the first two
chapters of the study, as well as through the introductory sub-chapters addressed at all the
chapters in this work, achieved.

2. It was shown that the similarity between corrosion, pickling and etching of metal
surfaces allows to approach them through the same type of models of species transfer and
chemical reaction on the surface. In particular, mathematical models for metal pickling by
immersion and by spraying techniques can be developed by simultaneously solving the equations
of flow and diffusion of species towards the active surface. It was thus possible to develop a
mathematical model to describe the pickling dynamics. The obtained model was in agreement,
within normal limits, with the experimental data when it was customized for copper pickling with

ammonium persulfate and sulfuric acid solutions. The concentrated model in the solute flux
31 0.25

relation N, = C(f—H) Cpa1'25 is general and can be used in the calculation of pickling baths for

any metal species.
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3. We demonstrated with the theoretical part that corrosion is a surface chemical
phenomenon, so we took the research to this level, with the study and experimental investigation
on two fundamental directions in atmospheric corrosion, namely film corrosion and droplet
corrosion.

4. Thus, two laboratory installations were built to investigate each phenomenon separately
and their associated operating procedures were elaborated, so that the surface corrosion dynamics
of steel could be characterized when the surface corrosive medium is in film, film flow or
droplets.

5. A complex mathematical model with partial differential equations and ordinary
differential equations for O, Fe?* si Fe(OH)s, was considered for the analysis of the
experimental data in the film flow corrosion, and the numerical transposition of the model
allowed the identification of the model parameters, in particular of the apparent surface corrosion
rate constant and the surface oxidation yield of Fe** from corrosion. It was observed that the
oxidation yield of iron ions on the surface of the rust film is not influenced by the intensity of the
surface film flow and the age of the rust deposit. Considering the identified dynamics of the
oxygen diffusion coefficient through the rust deposit, it was found that over time the surface rust
deposit becomes increasingly resistant to oxygen diffusion, for which two distinct domains were
identified.

6. A complex mathematical model based on simultaneous heat and mass transfer and
simultaneous oxygen transfer with surface reaction was considered to analyze the experimental
droplet evaporation-corrosion data. The expression in the evaporation-corrosion model of the
evaporation surface and oxygen transfer as a function of the moment mass of the droplet was
solved by integral mathematical analysis in relation to the accepted shape of the droplet. It has
been shown that the evaporation of the drop occurs with the preservation of the original trace and
that the rust resulting from corrosion is deposited on this trace. The numerical transposition of the
model allowed obtaining the values and strategies for certain parameters of the model specifying
here the surface reaction speed constant (k.s), and the effective oxygen diffusion coefficient
through the rust layer (Dozs). For all evaporation-corrosion tests, a good agreement of the
experimental results of droplet evaporation dynamics was obtained. Excellent model-experiment
agreement was obtained regarding the dynamics of the rust mass associated with a droplet. In the
case of evaporation corrosion in drops containing NaCl, the involvement of CI" ions in the anodic
corrosion process led to a strong change in the reaction rate constant and the oxygen diffusion
coefficient through the rust layer values, so that in in this case, for the dynamics of the deposited
rust mass, a good agreement between the model and the experiment was obtained.
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